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ABSTRACT 

Diazonium-1-H-tetrazole (DHT) was used to examine reactive 
residues in phosphorylases. Treatment of both phosphorylase 
a*and b with this reagent resulted in inactivation. The 
conditions employed for treatment of the protein determined 
the per cent inactivation and specificity of the reaction. 
At room eer caus the concentration of DHT necessary to 
inactivate phosphorylase b was greater than that required at 
O°C. Varying the pH at 0°C changed the amount of DHT required 
to inactivate the enzyme and specificity of the reaction. 
More DHT was required to inactivate the enzyme at pH 8.8 
thaneatviph 6GyloSsiThus hwas idue “to itheMrapid vyhydrolysis yo£«DHT 
and modification of residues not essential for catalytic 
aceLy liv 

Titration of the phosphorylases at 0°C and at both pH 6.1 
and 13.26) nesults inigatfdrop tin tactivity *during ithe first «minute, 
but no substantial decrease during the remaining 30 minutes, 
even though sufficient DHT is present to continue the inacti- 
vation.» Radioactive titration with phosphorylase b indicated 
that this phenomenon was due to titration of residues 
essential for catalytic activity during the first minute, 
followed by titration of residues not essential for catalytic 
activity during the remaining 30 minutes. If the concen- 
tration of reactants was lowered then the rate of inactivation 
could be slowed sufficiently so that residues essential for 
catalytic activity took longer than one minute to react 


completely. 
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Therefore, by controlling temperature, pH, concentration 
of reactants, and the length of time that the reaction 
proceeds, conditions were found where only residues essential 
for catalytic activity were modified. Treatment of phos- 

Pier ylase@ bp joe Omg / mi rewith 023 to 0.5 mM DHT, at pH 6.1, 
QO2GRrOreonesminulte mbesults sin modification of 0.38 to 1.2 
residues per enzyme monomer with 70 - 100% loss in activity. 
Absorption spectra of these samples showed a peak at 320 nm 
and a shoulder at 387 nm with molar absorptivity values of 
about: 00x 104 anGeec 0m x o>. respectively. 

Model compound studies indicated that this reagent 
reacts with tyrosine, histidine, lysine, tryptophan, cysteine, 
arginine, serine and threonine residues. Comparison of the 
model compound absorption spectra with the spectral properties 
of the DHT-treated phosphorylase b indicated that the 
modified residue was not likely to be a tyrosine, histidine, 
lysine or tryptophan. Studies with IAM-treated DHT phosphory- 
jase b implied that none of the reactive sulfhydryl residues 
were titrated. Emission spectra of PLP isolated from DHT- 
treated phosphorylase b showed that the cofactor was not 
modified. 

Due to technical difficulties molar absorptivity values 
were not obtained for arginine, serine or threonine. 
Therefore, nothing definite can be said about the possibility 
that one of these may be the reactive residue. 

Protection studies with substrates did not give con- 


clusive evidence as to whether or not the DHT modified a 
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residue at the active site. 
In conclusion, DHT under specified conditions modifies 
one residue per phosphorylase b monomer producing 100% in- 
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LIST OF ABBREVIATIONS 


Diazonium-1-H-tetrazole 
5-Aminotetrazole 
8-Glycerophosphate 
2-Mercaptoethanol 
Ethylénediamine Tetraacetic Acid 
Todoacetamide 

Potassium phosphate 
N-Acetyltyrosine 
Dithiothreitol 

counts per minute 
disintegrations per minute 
Pyridoxal-5'-Phosphate 
Pyridoxamine-5'-Phosphate 
Sodium Dodecyl Sulfate 
Adenosine 5'-Phosphate 


Molar absorptivity 


IAM phosphorylase - refers to iodoacetamide treated phos- 


phorylase such that the By and Bo sulfhydryl residues were 


reacted. 


DHT phosphorylase - refers to phosphorylase treated with DHT. 


Note that the abbreviation DHT was often used to represent 


the diazonium-l-H-tetrazole derivative incorporated into 


the protein. 


Note: 


When referring to the protein the order of the abbrevi- 


ations in each case was determined by the order in which 
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the enzyme was treated. For example, apo DHT IAM phos- 
Pionylase Oeueters CO a piospnorylase b sample first 
treated with iodoacetamide, then with diazonium-1-H-tetra- 


zOle, and finally resolved. 
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INTRODUCTION 

The first synthesis of 5-aminotetrazole was carried 
out by Thiele (1). This was followed by diazotization of 
5-aminotetrazole forming diazonium-l-H-tetrazole (2). It 
has been known for many years that diazonium salts could 
EeachaWitieami1 nO aclderesiauese( 5,84 noua nOwever, at 
was not until Fae years after its original synthesis 
that DHT was used by Horinishi et al. to modify histidine 
and tyrosine residues in proteins (6). Vallee et al. 
improved on the method of Horinishi. He showed that for 
quantitative results all modified histidine and tyrosine res- 
idues should be bisazo derivatives, since the spectra of 
monoazotyrosine and monoazohistidine overlap (7). 

A number of workers started to use this reagent, following 
the procedure outlined by Vallee et al., to examine tyrosine 
and histidine: content; indifferent proteins... Horinishi et 
al. repeated their previous work with insulin, this time 
taking into consideration the overlapping spectra of modified 
residues (8). Further work on insulin using DHT was done 
bye Shibata,et,als,(y%,)- 7 Muramatuyet.al.. examined the effect 
of DHT on trypsin. They were able to modify tyrosyl, histidyl 
and lysyl residues and relate their importance to catalytic 
activity (10). Zaheer et al. used DHT to examine tyrosyl and 
histidyl content and examine their relation to catalytic 
activity in RNA polymerase from. E. coli (11). 

DHT was used by some workers as an active site directed 


reagent. Bak et al. modified glucose dehydrogenase from 
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heeomyzac and@coneluded that onevhistidyleresidue probably 
Ocer rena te thesg Ucosesbinding sites(12)> Shimada et al, 
using DHT were able to show that one tyrosine was essential 
to myosin A - adenosine triphosphatase activity (13). 
DHTEwasuuscdsbyerrleimerer et al. to show that histidyl 
residues were at the active site of aminopeptidase M (14). 
Ohtsuki’et al. )modified with®»DHT one histadyl residue. of 
Subtilisin BPN'. This residue was essential for catalytic 
activity and thought to be in the active site of subtilisin 
BEN PCS) tee bleeset, alee uscd DHT to sShowsthavrcarboxy— 
peptidase A contained one histidyl residue essential for 
peptidase, but not esterase activity (16). 

In some of the above mentioned work, it was overlooked 
that DHT was not a group specific reagent. DHT has been 
reported to be capable of modifying tyrosine, histidine, 
lysine, cysteine, arginine, serine and threonine residues 
in proteins (13, 16). Tyrosine and histidine modification 
could be determined easily by spectral changes. Acid hydrolysis 
destroys DHT modified tyrosine, histidine, lysine, and to a 
small extent arginine (7, 16). Hence amino acid analysis 
would indicate which of these residues were modified. However, 
no method exists for the determination of serine, threonine 
or cysteine residues which were modified. Furthermore, 
this thesis will show that DHT may also modify tryptophan 
residues in proteins, and that no method for its determination 
exists. 


The products which DHT is expected to form with each of 
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the amino acid residues in a protein are shown below: 


SCHEME I 
Diazonium-1-H-tetrazole 
NN 
ll sl @ + amino acid residue yields with: 
N C—N == N 
Ny 
H 
HO CH — 
Tyrosine: N 
ll 
N 
Zul 
NSO. 
| NH 
N == WN“ 
N-—WN 
' ! N==N CHR 
iavpLOpiani. Sie = | | 2 
z N 
H 
NaN 
ll ll 
a 
: aie VN 
Histidine: I I H 
CHEG C=—CHe =i 
Ny 2 
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Lysine: N Diva Ne NHS CHes Che Cht==Ch.—R 
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NH 
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Arginine: iy 
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Cysteine: | || 
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Serine or Threonine: ll \I 


where R is the polypeptide backbone of the protein. 
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It should also be noted that tyrosine, tryptophan and 
histidine may also form bisazo products. 

Except for the work with sulfhydryl groups, little 
has been done in the way of examining reactive residues in 
phosphorylase a or b. Huang et al. used cyanate to examine 
lysine residues in both proteins, finding that modification 
Of S2*residues per*molecule om a ‘andie23"%per molecule of jb 
Bosulted@in total lossivoh catalytiveractivi ty i( 7 )itrebhilip 
et al. also examined lysine residues in phosphorylase with 
£lucoree@enitrobenzene 7 ULe)ens Hukuieetva lL YGused@qlyoxalsito 
medifyelysine “and arginine tresidues in’ phosphorylase) bm (19) , 
while Wang et al. used glutaraldehyde to modify lysine 
residues (20). No evidence was found to suggest that any of 
these amino acids were directly involved in the catalytic 
process. For further discussion of the extensive literature 
on glycogen phosphorylase, the reader is referred to the 


GOmprenensuvesreview by hischer .et Jala (21)). 
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MATERIALS AND METHODS 

Crystalline rabbit muscle phosphorylase b was prepared 
as described by Fischer and Krebs (22) and crystalline 
phosphorylase a was prepared by the method of Green and Cori 
(23) except that mercaptoethanol or dithiothreitol replaced 
cysteine in both procedures. The enzymes were recrystallized 
at least three times. Immediately before use, phosphorylase 
b or a was passed through a Sephadex G-25 gel filtration 
column pre-equilibrated with the appropriate buffer. 

Rabbit liver glycogen, purchased from Sigma Chemical 
Co., was purified by passage through a Dowex 1-Cl column. 
Sodium dodecyl sulfate, AMP, N-acetyl-L-arginine, and N-acetyl- 
L-histidine were also purchased from Sigma Chemical Co. 
Glucose-l-phosphate was purchased from Raylo. 5-Aminotetrazole 
monohydrate was purchased from Aldrich Chemical Co., while 
eeGn beetle! anode monohydrate was purchased from Schwarz. 
Thes@ugadioactive 5AT (500 WC, 0.023 mmoles) was dissolved 
in 1 ml of 1.6 M HCl and stored below 0°c. 14c-n-Hexadecane 
was purchased from Amersham. Crystalline sodium nitrite 
was purchased from Fisher. The N-acetyl derivatives of L- 
tyrosine, L-serine, L-cysteine, L-lysine and L-tryptophan 
were purchased from Calbiochem. 

Phosphorylase activity was measured in the direction 
GG iglycogenssynthe si syjaccording tro’ Conblet ial. (24), using 
20 mM GP, 20 mM ME, 1.5 mM EDTA,pH 6.8,as the buffer to 
dilute the enzyme to the appropriate protein concentration. 


The substrate in the reaction was 16 mM glucose-1l-phosphate, 
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1% glycogen and 1 mM AMP. Reactions with phosphorylase a 
were run in the presence and absence of AMP. 

Protein concentration was determined from the absorbance 
at 280 nm, using a Zeiss PMQIII spectrophotometer and a value 
for Eile OfSl3e2 (25). WMBon) DHTTtreatedvproteinsy, theimethod 
of Lowry et al. (26) was employed. 

Reduced phosphorylase was prepared by the method of 
Fischer et al. (27). Preparation of apophosphorylase b and 
its reconstitution were carried out according to the procedure 
of Fischer et al. (28). PLP content in phosphorylase b was 
determined BE OnE aan to the procedure of Shaltiel et al. (29). 


IAM titration of the By and B. sulfhydryl groups in 


2 
phosphorylase b was carried out according to the procedure 

of Hasinoff et al. (30). When the protein was inactivated 

by treatment with IAM, i.e., when the Bi, Boy N and A sulfhydryl 
groups were titrated, the procedure of Battell et al. was 
followed (31). 

DHT was prepared in the following manner. 5-Amino- 
tetuazowen (0O@l00@g) was dissolved in 2.3 ml of 1.6 M HCl. 
Sodiumeniveitesi0)070Wg)Rwasadissolvedsinel. 7/imicotydistadied 
HaO¢eseoth Solutions were rputlintosanvice bathoat, 0eC.g_Aiter 


2 
equilibration, the NaNO, solution was added to the 5AT 
Sodutionwwathestirring.asThe reactionawasoal loweda tog proceed 
with stirring for 8 minutes, after which time distilled H,O 
ate0°e waseadded LobdilmtettherDHTtite ithe requasedgconcenr 


tration. Potassium hydroxide (4 M) was added to adjust the 


pH to a value of about 4.5. The DHT was maintained at 0°C 
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WLtEhestirring until its use. 

Radioactive DHT was prepared in a similar manner. Non- 
radioactive 5AT (0.100 g) was dissolved in 2.3 ml of 1.6 M 
Neill SesOlutr1on (0. 265ml) was added to 0.1 ml of the 
radioactive 5AT (2.3 umole). This served as the radioactive 
5AT stock solution used to prepare DHT. Sodium nitrite 
(0.070 g) was dissolved in 1 ml of distilled H,O. The 
temperatures of this solution and the radioactive 5AT were 
leowered| tow0- Ge inwan= t1ce bath. ~ The NaNo.,, Solution Uel2 mL) 
was added to the radioactive 5AT with stirring. The reaction 
was allowed to proceed with stirring for 8 minutes, after 
which time distilled HO at 0°C was added to dilute the 
DHT to the appropriate concentration. Potassium hydroxide 
(4 M) was added to adjust the pH to a value of about 4.5. 

The DHTSwas maintained at 0°C with stirring until its use. 

It should be noted that concentrated solutions of DHT are 
highly explosive. The reagent should be handled with extreme 
care and only in dilute solutions. Solutions above 0.2 M 
should not be used. 

DHT was assayed with N-acetyltyrosine. N-acetyltyrosine 


(Ol 2257ed) swassdissolvedsin 10 ml or 0567 M KHCO jeje Testehe 


ae 
This 0.1 M N-acetyltyrosine solution was stored below 0°C. 
When it was desired to assay DHT, an appropriate aliquot 

from the stock solution of N-acetyltyrosine was diluted in 
0.67 M KHCO,, pH 8.8, and to this the DHT was added. Appropriate 


concentrations were employed so that N-acetyltyrosine was always 


at least 00x in excess of DHT. The reaction was allowed to 
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9 
proceed for 30 minutes at which time the absorbance at 478 nm was 
Meactred. \USing a MOlar absorptivity value of © = 5.1 x 
ey the amount of monoazotetrazole-N-acetyltyrosine formed, 
and hence the amount of DHT present initially, was calculated. 

Phosphorylase a and b samples in 50 mM potassium phosphate, 
Peo Mee DTA DH ol, sor s0 mM borate, 1.5 mM EDTA, pH 8.8, were 
treated with DHT. The protein was dialyzed or passed through a 
G-25 Sephadex coiumn into the former buffer, while it was always 
passed through a G-25 Sephadex column into the latter buffer. 
When dialyzed into 50 mM Pi, 1.5 MM EDTA, pH 6.1, a butfer- 
protein ratio of at least 50:1 was employed with three 
buffer changes over a 12 to 20 hour period at room temperature. 
The enzyme was never allowed to remain in this buffer for more 
than 30 hours. When a column was used, the protein was passed 
into either borate or phosphate buffer and treated with DHT. 

The enzyme was never allowed to remain in borate buffer for 
move thang! 2 hours. 

Once in the required buffer, an aliquot from the stock 
solution of DHT at 0°C was added to the protein at room 
temperature or 0°C. The reaction was terminated usually by 
theraddtiton of 6 0.5 M GP, 0.5 _M ME, DHes/.O0,eDULEer tO ene 
reaction mixture, so that the final concentration of GP and 
ME would be at least 10X that of the DHT. After termination 
of the reaction, the reaction mixture was dialyzed or passed 
through a G-25 Sephadex column usually into 20 mM GP, 5 mM 
ME, ol. > MMGEDIA, pHs 6.0, in order to separate the DHT treated 


protein from the excess DHT. When dialyzed a buffer-protein 
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ratio of at least 50:1 was used with three changes over 
three days at 0°C. 

N-acetylamino acids were treated with DHT in the following 
manner. The N-acetylamino acid was weighed out and added 
to 50 mM Pir 15 MMEEDTAL ppb. lesolthatetheatinalaconcen- 
tration was 0.15 M. Addition of the N-acetylamino acid 
lowered the pH of the buffer, hence 10 N NaOH was used to 
return: ite to atvalue’ of 6.1.°° The N-acetylamino- acid) (0.15 M) 
1n5.0emM Pay 1.5 mM EDTA, pH 6.1, at 0°C was treated with 
about 1.2 mM DHT, thus assuring 100X excess of amino acid 
LOeDHT:. 

Ultra violet absorption spectra were obtained on a 
Durrum PGS spectrophotometer. Emission spectra were obtained 
on a Turner Model 210 fluorescence spectrophotometer. 

High-voltage electrophoresis was carried out on Whatman 
#10 paper using) 0. 6emg: tome mgi per) cm.te Theil buffers used were 
as follows: 

pH 6.5: 879 ml deionized water, 100 ml pyridine, 

8 ws gifacaa Wtacetilc tacidsi )] Cookantei2a92% 
toluene, 8% pyridine by volume. 

PHAMPACE2S 2oct Omi chacid:,. 8 trace tact iaci di. 

Goo lanteaivarsals 

Side strips of electropherograms were analyzed for 
radioactivity using a Nuclear-Chicago Actigraph III strip 
scanner with 4 1 geometry. Analysis was done using a slow 
scan speed (15 cm/hr) and long time constant (50 seconds). 


The Beckman Spinco Model E analytical ultracentrifuge 
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ubak 
was used for determination of sedimentation coefficients. 
A speed of 60,000 r.p.m. was used at a temperature of 20°C. 
The centerpiece was Kel-F. The percentage of components 
with different sedimentation coefficients was determined 
by estimation of areas of empirically resolved components. 

Protein hydrolysis was carried out at 110°C in 
redistilled 6 N HCl. Samples of phosphorylase were dialyzed 
against deionized water before hydrolysis. After hydrolysis 
samples were analyzed on a Beckman Spinco Model 121 amino 
acid analyzer. The number of moles of each amino acid was 
determined in comparison with the value for alanine obtained 
by, AppReman .eb. alieu(32);. 

Radioactive samples were counted in Aquasol or Bray's D 
scintillation solutions. Aquasol was purchased from Beckman. 
The Bray's D solution was prepared in the following manner: 
PPO, 5 g/liter; naphthalene, 100 g/liter; dioxane, balance of 
AB erewe™s 

Unless otherwise stated, 0.4 to 0.7 mg of 140_puT 
treated protein was added to each scintillation vial. Samples 
were counted on a Beckman Model 200 scintillation counter 
for 10 minutes and two cycles. Radioactive incorporation 
was calculated by counting 140_put treated protein after 
dialysis. Specific activity was determined from samples 
taken directly from the reaction mixture before dialysis. 

Pepsinwand trypsin wsreatment of phosphorylase b was 


carried out according to the procedure of Zarkadas (33). 
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EXPERIMENTAL RESULTS 
Part I. Development of Methodology 

ASS “DHT Assayssystem 

In previous studies DHT concentration was determined 
by one of three methods: first, 100% conversion of 5AT to 
DHT was assumed ( 9); second, by adding DHT to an excess 
of free histidine and measuring the absorbance peak of the 
EGAdCtion, produchewo Wals)iArrorathird;sbytthe additiontohepHT 
to a large excess of either N-acetyltyrosine, N-acetyl- 
tyrosine ethyl ester or N-carbobenzoxytyrosine, and measuring 
the absopbance@peaksorethe reactiontproeduct (7768, ©LO; U5): 

TiewiLins PemethodWishunsatishactory -acVallieetetlal Fit) 
pointed out that the second method, assaying with free histi- 
dine, was inaccurate since the histidine derivative exhibits 
maximal absorbance between 360 nm and 380 nm, where DHT 
absorbance is quite intense. Therefore, Vallee developed 
another assay method whereby DHT was added to a 27 to 45 
times molar excess of N-acetyltyrosine or N-acetyltyrosine- 
amide, in1lM KHCO,, pH 8.8. The mixture remained at room 
temperature for 20-30 minutes. Under these conditions 
Vial Veemie Dea bar GVayereportcdm@thatethe Spo Pireacts@stoichio= 
metrically to yield the monoazotetrazole tyrosine derivative, 
with an absorbance peak at 478 nm and a molar absorptivity 
Valu eroans). Dix row Vallee reported a 75% - 95% conversion 
of 5AT to DHT as determined by this assay procedure. Sub- 


sequent workers with this reagent normally used an assay 


procedure which was the same as, or Similar to, that developed 
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by Vallee. 

In Vallee's assay procedure there is the inherent 
assumption that all the DHT will react with the tyrosine 
derivative before it decomposes. Although he reported that 
"DHT decomposes--albeit slowly--and, hence, the concentration 
of the reagent may change on standing", he did not examine 
the rate of this decomposition under any conditions. There- 
fore, an experiment was carried out in order to determine 


this Gate Under assay Conditions, i.e., 1 M KHCO pHs .3, at 


a0 
room temperature. 

ia DHT cen decompose at a Significant rate, then this 
pathway will compete with the desired reaction of DHT with 
N-acetyltyrosine. If such a competitive reaction exists,then 
both the length of time that DHT remains at room temperature 
sua EE asl KHCO,, PH 8.8, before addition of N-acetyltyrosine, 
and the amount of N-acetyltyrosine added, will affect the 
yield of monoazotetrazole-N-acetyltyrosine. Therefore, 
aliquots from a stock solution of DHT were added to a series 
of cuvettes each containing a different concentration of 
N-acetyltyrosine in 1M KHCO,, PH 8.8. The mixtures remained 
at room temperature for 30 minutes, at which time the absor- 
bance at 478 nm was recorded. The results, shown in Figure l, 
demonstrate that the N-acetyltyrosine:DHT ratio does affect 
the amount of product formed, thus indicating the presence 
of a competitive reaction. The experiment was repeated, but 
this time the DHT was added to 1 M KHCO, at pH 8.8 containing 


SB 


no N-acetyltyrosine. After one minute an aliquot of 
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15 
N-acetyltyrosine was added. Thirty minutes after the 
addition of N-acetyltyrosine the absorbance at 478 nm 
was recorded. The procedure was repeated, this time allowing 
a ten minute interval between the addition of DHT and N- 
acetyltyrosine. The results, shown in Figure 1, demonstrate 
that DHT decomposition is rapid, 32% in one minute and 903% 
within 10 minutes. 

These results suggest that there is some competitive 
reaction for DHT. Since it is known that diazonium compounds 
hydrolyze, it may be assumed that this is the other reaction. 
The sequence shown in Scheme II is therefore suggested. 
Hence, any assay procedure employing the conditions 
outlined above must add a sufficient excess of N-acetyl- 
tyrosine to ensure complete conversion of DHT to monoazo- 
tetrazole-N-acetyltyrosine. As indicated in Figure 1, for 
stoichiometric conversion one should have at least a 100-fold 
excess of N-acetyltyrosine to DHT. 

The absorbance at 478 nm resulting from the addition 
of DHT to a 100-fold excess of N-acetyltyrosine in 0.67 M 
KHCO 3, pH 8.8, was followed over 105 minutes. The results 
are shown in Figure 2. There is a large increasing absor- 
bance within the first minute and then the absorbance slowly 
drifts upward. The latter phenomenon may or may not be 
directly related to monoazotetrazole-N-acetyltyrosine for- 
mation. 

With these results in mind, the assay procedure presented 


in Materials and Methods was developed. DHT concentration 
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SCHEME II 


i Tl fe NaNO, diazotization : 


(5-aminotetrazole) HNOAc 


n—wW HO cia © COOH 
l  ® + st ——— > 
N C—N==N N 
Nn L 
i 1 
d . N ‘é 
(diazonium-l-H-tetrazole) | 

N 


+ 


(monoazotetrazole-N-acetyl- 


Heo tyrosine) 


(assumed reaction) 


(tetrazolinone) 


lI 


(5-hydroxy-l1-H-tetrazole) 
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Figure 2 

Absorbance of monoazotetrazole-N-acetyltyrosine. 
Absorbance of 0.116 mM monoazotetrazole-N-acetyltyrosine 
ae We 7h Ii KHCO 3, PH 8.8, measured at 478 nm plotted vs. 


time. Zero time was taken as the point of addition of DHT 


to the assay mixture. 
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18 
determined by this method showed 100 to 105% yield based 
on the initial 5AT concentration. This method therefore 
represents a substantial improvement over previous methods 


where a 75-95% yield of DHT was reported (7, 8). 
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B.) Buffer Systems 

Since the rate of reaction between DHT and amino acid 
residues in a protein was expected to show a pH dependence, 
phosphorylase samples were treated with DHT within a pH 
rang elOfmonee tO. 8 .o..IPrevious.~workers.used KHCO 3 buéfer at 
PH: 8-84¥since’ it*was in this solution that the spectra of 
DHT treated histidine and tyrosine had been examined (6, 


7). However, phosphorylase b in 1 M KHCO., at pH values of 


3 
8.4, 8.6 and 8.8 was found to be inactive. Earlier publi- 
cations indicated that borate could be used in place of 
KHCO, CoOFw! 0) loa). setheretore, this buffer was used when 
phosphorylase was treated with DHT at alkaline pH. 

For work at acidic pH, three buffer systems were 
examined. Solutions of phosphorylase bein 20amMeGP, 20CmM 
ME, 1.5 mM EDTA, pH. 6.1, in.20:mM GP, 1.5 mM EDTA, pH 6.1, 
and in 50 mM Pi, iP OmlMe EDTA EDN sO wallmart. OCC, were treated 
with DHIee The results, shown in Table I, indicate that the 
reactivity of DHT with phosphorylase b was greatest in 
phosphate, less in glycerophosphate and least in glycero- 
phosphate plus mercaptoethanol. 

In order to elucidate the manner in which the buffer 
protected the enzyme, 20 mM GP, 20 mM ME, 1.5 mM EDTA, at 
pH 6.8 and 0°C, was made 1.28 mM with respect to DHT. After 
30 minutes the reaction mixture was brought to room tempera- 
ture. Absorption spectra of the sample revealed a 


320 nm peak indicative of the reaction product between a 


sulfhydryl group and DHT. Hence, the protection of this 
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TABLE I 


Effect of DHT upon Phosphorylase b 
in Three Different Buffers 





EnzeeCcOnG = senesldual ACLLVICy 


Buffer mg /m1 0 time 1 hour 
20 mMuGP, 1.5 
mM EDTA pH 
Gat 8.7 30.4 27 


Z0emMe GP 20 
mMeME, 1. 5° mM 


EDTA pH 6.1 9.7 abil 96.6 
50 mM P3, 1.5 

mM EDTA pH 

6.1 S27 6.5 0 





Phosphorylase b passed through G-25 Sephadex 
column into respective buffers. Each sample at 0°C 


Wasetreated,withe0.5ilemMrDpHT«. 
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buffering system is due to the removal of DHT by a reaction 
with mercaptoethanol. On the other hand, the 20 mM GP, 1.5 
mM EDTA, pH 6.1, buffer affords protection to the enzyme 
without directly reacting with DHT, as will be shown below. 

Previous results demonstrated a rapid rate of hydrolysis 
Of DH haa KHCO , at pH 8.8. Therefore, the rate of hydrolysis 
in borate, phosphate and glycerophosphate was investigated, 
in order to ensure that some DHT remained unhydrolyzed. 

DHT was added to a series of seven buffers, as indi- 
cated in Figure 3. Aliquots were withdrawn at different 
time intervals and DHT content assayed for with N-acetyl- 
tyrosine. The results, shown in Figure 3, indicate that 
increasing temperature and pH increase the rate of hydrolysis. 
Also, it appears that DHT does not react with EDTA at a 
significant rate, since the presence or absence of EDTA 


did not affect the rate of DHT disappearance. 
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Figure 3 
Hydrolysis of DHT. 31.8 mM DHT was diluted 10X into 
80 °mM borate, plus and minus (135 mMeEDTA = pH s.c) sanae0 on eM 


KHCO pH 8.8, all at 0°C. Likewise 31 mM DHT was diluted 


3/ 
10X into 50 mM Pi, plus and minus 4 mM EDTA, pH 6.1, and 
Z0SmMeGP yi 4emM EDTA pH eG. 1a) wee Eee and 50 mM Pay 4 mM 
EDTA, pH 6.1, at room temperature. Aliquots were withdrawn 

at different times from aoe reaction mixture and added to 

a cuvette containing N-acetyltyrosine in 0.67 M KHCO3, pH 

8.8. After 30 minutes at room temperature the absorbance 

at 478 nm was obtained. This value was divided by absorbance 
expected@it eno.DUT thydrolyzed-melhi savatuer presented as 

a percentage of hydrolysis, was plotted against the time 

at which the sample was removed from the reaction mixture. 

Zero time absorbance was calculated from the known DHT concen- 
tration in the reaction mixture. 


0-0) 3-8 mM DHT in 0603 MeKHCO PHS See 7m tO. Cy Ome 


3° 
72 mM borate, plus or minus 3.6 mM EDTA, PH 82.0; tau ee 

@-@ 3.1 mM DHT in 45 mM Es plus or minus 3.6 mM EDTA, DHAOa 
Oi SaMs GP ars oemMaED iA} DHSGrL a lara Gl Ce 

cao. Le mMe DHT ine45 emM Pit 3.6 mM EDTA, pH 6.1, at room 


temperature. 
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C. Amino Acid Study 

DHT may react with tyrosine, histidine, lysine, arginine, 
serine, threonine and cysteine residues in proteins (7, 13, 
16). However, spectral work has only been done on DHT 
reaction products of N-acetyltyrosine and N-acetylhistidine, 
sky KHCO,, pH 8.8 (7). These spectra were not 
examined below 350 nm. 

DHT treatment of phosphorylase a or b in 50 mM Py 
1.5 mM EDTA,pH 6.1, generated a major absorbance peak at 
approximately 320 nm. The modified protein retained this 
absorbance peak neato dialysis into 20 mM GP, 5 mM ME, 1.5 mM 
EDTA, pH 6.8. Since these results could not be interpreted 
in terms of the previous spectral data, a complete DHT 
model compound study was carried out. The N-acetyl derivatives 
Ore tyrosine histidine, lysine, arginine, tryptophan, Serine 
and cysteine in 50 mM Pi, pH 6.1, were treated with DHT. 
In order to assure that the reaction went to completion and 
only monoazo products were formed, special conditions were 
employed; 4.e., 0°C and 100—-fold excess of the N-acetylamino 
acid to DHT. The reaction products were diluted into 0.67 M 


KHCO Pusg 28 and 20 mM GPy Ss mM Me 1 5S mM EDTA, oH 6.8. 


3 v 


and themspectra obtained. The results are shown in Table II. 


DHT disappearance was monitored by removing an aliquot 
from the reaction mixture and adding it to N-acetyltyrosine 


in 0. 6/sMeKHEO PH 8.8. Lf all the DHT in the reaction 


gy 


mixture disappeared within 30 minutes, it was assumed that 
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TABLEL II 


Molar Absorptivity Values for Reaction Products 
of DHT and N-Acetylamino Acids 


























DHT-treated Wavelength of 
N-acetyl- maximal absor- 
Amino Acids pH bance (nm) € 
N-acetyl- 7s 358 478 Sail) Se Li, 
tyrosine 8.8 B20 1253Nxado 
48 383 6.3 x 107 
gts 320 eS 3S 1 
N-acetyl- 8.8 aay OR ee ay 
histidine 4 
6.8 350 Msi ey se AN 
N-acetyl- 8.8 BiG ihaeia Se aka) 
tryptophan 3 
Gag 313 AE ee IN8) 
N-acetyl- 8.8 or 6.8 318 8.4 x 105 
cysteine 370 ee Ook LO 
N-acetyl- sietel (Be ey Gis! no peak = 
lysine above 
300 nm 
N-acetyl-— Bi OOO. 0 314 m2 
arginine 
N-acetyl- Oe Om OL On about 312 = 


serine 
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25 
it had done so by a stoichiometric reaction with the N- 
acetylamino acid, since it was known that DHT would not 
completely hydrolyze within this time. In these cases, molar 
absorptivity values were calculated. However, in the reac- 
tion flasks containing N-acetylarginine and N-acetylserine, 
DHY wasesti@lépresent.after 2hhours. Pinlthisi situation 
some DHT had nydmoteedt some had reacted with the N-acetyl- 
amino acid, and some remained unhydrolyzed. Since the per- 
centage of each could not be determined, molar absorptivity 


values could not be calculated. 
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Part Il. Inmactivation Studies 
A. Inactivation Studies on Phosphorylase b 

Since the rate of reaction between DHT and amino acid 
residues in a protein was expected to show a pH dependence, 
phosphorylase b samples were treated with DHT within a 
pH=range-of—6-+1.=te+8484—as—shown=in=Table-rit.-~tThe~loss™of 
Yoh iigigabiwitan hye) acide tons was as large as that in the 
alkaline solutions. Therefore, further experiments were 
carried out at neutral to acid pH, where it was hoped that 
DHT modification of the protein would be limited, but loss 
of activity would be large. 

Phosphorylase b at 4.5 mg/ml in 50 mM Pi, 1.5 mM EDTA, 
pH 6.8 at room temperature was titrated with DHT. The per 
cent residual activity was determined at 10 minutes as shown 
in Figure 4. The reaction was stopped at 30 minutes 
ancgealLalyzeq intoezuemM GP, 5 mM ME, 125 mM EDTA, pH 6.38. 
Absorption spectra, shown in Figure 5, were obtained on 
some of the samples. DHT treatment of the protein resulted 
in a loss of activity with a corresponding linear increase 
in the absorbance at 320 nm as indicated in Figure 6. The 
linear correlation indicates that the increasing absorbance 
at 320 nm is caused by the same DHT modified residues as are 
responsible for activity loss. The absorption spectra show 


that these are not tyrosine or histidine restaues.. + 


leurther evidence that these residues are not modified by 


DHT treatment of phosphorylase b at pH 6.1 is presented in Part | 
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TABLE? LTT 


DHT Treatment of Phosphorylase b at Different pH Values 


a ee ST 


Phosphate Buffer 


DHE Conc % Residual Activity 
mM pH Oy! 30! 60' 
O73 2 oKO 58 62 56 
Oe? 0 WP 79 81 
Oras? 8.0 70 78 81 
0.66 6.0 7 9 - 
0.66 en 8 10 - 
0.66 8.0 9 9 ~ 


Borate Buffer 


DHEeGonc @ Residual Activity 
mM pH OF BOs 60' 
ee ree ee 
0232 8.4 62 70 63 
O32 8.8 81 69 58 
0.66 8.4 6 3) = 
0.66 8.8 13 3 = 


5.5 mg/ml phosphorylase b samples, either in 50 mM Poy 
1.5 mM EDTA, pH 6.0, 7.0, 8.0 or in 80 mM borate, oe mM 
EDTA, pH 8.4, 8.8, all at room temperature, were treated 


with DHT. 


PAO 


Bt) yb, 


rs oe Ca 


cD is 






‘i 
> 
"a 






aa 





senna ae 


YtivisgoA IsubiesA # 











"oa "OE ‘0 “aig ae 
ae 3 82 0.0 ~ SELLO 
£8 ey st. 0.E S20. . 
I8 87 ov 0.8 i os ae 
. g y O50) Vea (2860 
: Or i 8 ie ce 32.0. 
; e e 018 39.6 

ae ' e 

a eae , | 7 

x1523ua st5108 . s elcee : 

ytivitoA I[subtesaA § . onod THa 7 


"09 "OE "0 Hg MM | - 











iHd WAY 
90 86§90 +O £0 2g iO 
,a opel soriqacd ray? z2qned mooi ts d sesiyxoriqeodq to nolstsat a 
~  mdstiw Bbetsisfit asw ,stutsisames 35 ,8.9 Hq ,ATOG Mm 2. 6,9 Mm 02 ak I 


«noitosszr to unim OL xsjtis benimrsteb esw yo pes : 


~* 
- 





-uoT}OVeT FO SoqnuTW QT AeIze peuTuAsjZep sem ARZTATRIOV °LHA 
UZTM pozeraTW sem ‘aanqerodusey woor We ‘8°9 Hd ‘VLG WW G°T ite Wu 0G UL “iu buscar 
‘q esetAzoudsougq ‘oeanjezedwej woor je q aseTAzoudsoud FO uoTtTAeAATA LHA 


p eanbty 


oO Oo oO Oo oO 
oO (0) Co) 2 N 


ALIAILOVY TWNGIS3Y 


% 





O 


mM DHT 






£0 E.0~—CS.0 


THA Mm 


8s 









“a 


I 
w 
L m 


@ oxupit 


4 
d@@esiysorigenit Wextoege d sesiyrodgqeoiq betse1s THA 
— 


obi SAMS TONSS moor $5 8.9 Bq \ATGR Mm cel ,,9 Mm Oe ns 


ANCE 


: as@inoitoses 5 THG to enotssrtnsonos pniaseroni rtiw betsex3 


, 
ving ,iD Ma 0 a basyisib fisdd, bs esdunim OF ts beqqote 


—— — ine: 
a ~ 


; ¢ «8,3 Hq ,ATOG Mm 2.1 , aM 
OOs'+ Ke ~~ 
* * ‘ 
neds bag THC €.0 dit i bey so1t’.d seslyiongeohit :A 
-im\pmj6e.0 mois laon00D hiogord > bosyisib 
, medt Bns |THO Mink -0 tiw bstss Nod gentyx iqzord :4 


sEaiem|€2.0 noissutnepnos motor? \posyisib'-..~ 
: < Ae EAE 









et er _ | Bae 
figeilg } 620.0" » 2S. — 9e5 
7 et ef ) se Fis 
a r 7 4 - ’ = - : a7 — : 


> @ 


— eq 


= - = 

3 a | mors % ¢ 

‘- eh 9 7a Genesee 
y - = mie : - 


29 


Figure 5 

DHT treated phosphorylase b spectra. Phosphorylase b 
in 50 mM Poy 1.5 mM EDTA, pH 6.8, at room temperature, was 
treated with increasing concentrations of DHT; reaction was 
stopped at 30 minutes and then dialyzed into 20 mM GP, 5 mM 


MEV on Mae DAY me rmOmGr 


A: Phosphorylase b treated with 0.5 mM DHT and then 
dialyzed.) Protein concentration 0.58smg/ml. 

Bs Phosphorylase b treated with 0.24 mM DHT and then 
daaly zed) sProtein) concentration .0.53 mg/mie 

Gi Phosphorylase b treated with 0.05 mM DHT, and then 
dialyzed. Protein concentration 0.51 mg/ml. 

D: Phosphorylase b control, concentration 0.616 mg/ml. 

Each spectrum was blanked against 20 mM GP, 5 mM ME, 2. >) mM 


EDTA, pH 6.8. 
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Figure 6 

Increase in absorbance of DHT-treated phosphorylase a 
and b in relation to % residual activity. Absorbance values 
at 320 nm for DHT-treated phosphorylase b and 317 nm for 
DHT-treated phosphorylase a plus their respective controls 
were normalized to 0.51 mg/ml and 0.35 mg/ml respectively. 
From these normalized absorbance values the contribution 
by the control was subtracted. The resulting A absorbance 


was plotted against the corresponding % residual activity. 


X-X A absorbance at 320 nm of DHT-treated phosphorylase 
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O-O A absorbance at 317 nm of DHT-treated phosphorylase 
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Another titration was carried out at a lower pH, to 
decrease protein reactivity, and at a lower temperature, IO 
decrease the rate of DHT hydrolysis. Phosphorylase b at 
Bemg/mie in 50° mM Pi, imcomMieek DTA puoi at. 0° Ce wase treated 
with DHT. The results are shown in Figure 7. Under these 
conditions, the DHT required to totally inactivate the enzyme 


is less than previously observed. 
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Figure 7 
DHT titration of phosphorylase bvat.0-C-@ phosphor. 
Fase bj > eng /my, in, 50am Py 1752 mM EDTA, ton one, 0° Cymwas 


treated with increasing concentrations of DHT. 


X-X 9% Residual activity at) Oi minutes. 
O-O % ReSidual activity at 30 minutes. 
Note: "0 minute activity" refers to activity done within 


0 to 30 seconds after addition of DHT to protein. 
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B. Rate Constant of Inactivation 

It was hoped that the reaction between DHT and the 
protein could be slowed sufficiently to allow a rate constant 
of inactivation to be obtained. Lowering the temperature did 
not noticeably reduce the rate of inactivation. Therefore, 
the effect of varying protein and DHT concentrations was 
examined. Phosphorylase b at varying concentrations in 50 mM 
Pi, ieee DTA; spiel, 0. CGC, was-treated with a constant 
DHT concentration. The results are shown in Figure 8. At 
16.4 mg/ml the DHT does not inactivate the enzyme. Therefore, 
1.43 moles of DHT per mole of enzyme monomer have reacted 
with residues which are not related to catalytic activity, 
such as the By and Bo sulfhydryl groups. Making appropriate 
G0rrecurons Lor thesesresidues, one finds at 10 mg/ml that 
about 2 modified residues per monomer of enzyme result in 
MOOS elOssin ACTCIVIty. 

The results of lowering both protein and DHT concen- 
trations are shown in Figure 9. Making corrections in the 
same manner as above, one finds that treatment of the enzyme 
WLtDelZeuM DHT results nian S0S inactivation-due to moda— 
fication of 0.8 residues per monomer. 

Ingboth titrations no substantial reduction in the extent 
of inactivation with time was observed, thus rendering cal- 
culation of the rate constant impossible. However, more of a 


time effect is noted with the lower enzyme concentration. 
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Figure 8 
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50 mM Poy 15 mM EDTA, pH 6.1, sat 0°C were treated swasew 
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O-O % Residual activity at 30 minutes. 
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C. Titration of Phosphorylase a at pH 6.1 

Phosphorylase a, 4.63 mg/ml in 50 mM Pi 125 >mM EDTA; 
pH 6.1 at 0°C, was treated with varying concentrations of 
DHT. The results are shown in Figure 10. About twice as 
much DHT was required to inactivate phosphorylase a as 
compared to b. After one hour the reaction was stopped, and 
each sample dialyzed aeOe20 mM GP, 5 mM ME, 1.5 mM EDTA, 
pH 6.8. The absorption spectra of these samples were similar 
to those of DHT treated phosphorylase b, showing a large peak 
at 317 nm and a small shoulder at 375-400 nm. There was a 
linear relationship between the loss in activity and the 
increase in absorbance at 317 nm, as indicated in Figure 6. 
The slope of this line is the same as that from the treat-— 
ment of phosphorylase b with DHT. Therelore, DHE treatment 
of both proteins results in modification of the same residues, 
or residues with similar spectral properties, resulting in 


ap loss sOmeactivity - 
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Figure 10 
DHT titration of phosphorylase a aby pHeG SP ho-pier- 
vlaseta;, 4-36 mg/ml, tne 50) mM Pay 152 mM. EDTA pile Ore le mcm er 


was treated with varying concentrations of DHT. 


X-X % Residual activity at 0 minutes. 


O-O % Residual activity at 60 minutes. 
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De) Titrations ofsPnosphorylase a and b at pH 8.8 

Phosphorylases a and b were titrated with DHT in 80 mM 
poLeate eu oentINeEOTAapiac.o, at O°C. -Activities at 0 and 30 
minutes were determined. The results at 30 minutes are 
shown in Figure ll. As with previous titrations, there 
was no substantial reduction in the extent of inactivation 
with time. 

Between 60 and 90 minutes, the absorbance at 478 nm 
of each of the samples was measured. From this value the 
number of tyrosines modified per monomer of enzyme was 
calculated. Assuming one modified tyrosine per monomer 
is necessary to inactivate the enzyme, a prediction may be 
made as to residual activity expected, and this compared to 
observed residuat-activity. This is done in Table IV. The 
results indicate that in both phosphorylase a and b modifi- 
cation of tyrosine is not responsible for loss in activity. 

The results at pH 8.8 differ from those at pH 6.1 in 
significant ways. Tyrosine, and possibly some other groups 
not related to enzyme activity, are modified by DHT at 
DHRC oe UuEnOte ats Die me beCalusclOr this, more. Dhl is 
required at pH 8.8 to inactivate the proteins. Hence DHT 
is less selective at pH 8.8 than at pH 6.1 in attacking 


residues. related to catalytic activity. 
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DHT titration of phosphorylase a and b at pH 8.8. 
Phosphorylase a, 4.25 mg/ml, and phosphorylase b, 4.24 
mg/ml, both in 80emM borate; 125 mM EDTA) pic. 3, @abeO ee mwere 
treated with varying) concentrations, Of) DHT meActt Vy eleomN ec Ee 


devrermined: after 30) minutes of reaction. 


X-X Phosphorylase b. 
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TABLE IV 
Modification of Tyrosine in Phosphorylase a and b at pH 8.8 


a 


Phosphorylase b 


Tyrosine/ % Residual Activity 
mM DHT Monomer Predicted Observed 
O17 . OF a), 83 6 
0.234 Ova2 LY Syl 
(OS eel OF 28 ded. 14 
0.467 0238 62 4 
TASKS, Qe. 49 2 


Phosphorylase a 


Tyrosine/ % Residual Activity 
mM DHT Monomer Predicted Observed 
oe ees eee nee es 

0.108 0.14 86 + 98 

- 93 
O43 0.49 Bye + 32 

- 25 
0265 0.80 20 + 15 

- 10 
0.86 0.93 8 + 5 

- 3 
aS 2 0 + <2 

=> 02 


Modified tyrosine per monomer of protein calculated 
from absorbance values at 478 nm of DHT treated phosphorylase 


a or b in 80 mM borate, IM SeMAE DTA, pH Sesyeusing 6c =y5.1 x 
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ial Predicted % residual activity was calculated assuming one 


modified tyrosine per enzyme monomer results in total in- 
activation. Observed % residual activity values are from 
30 minute assay. Plus and minus refers to phosphorylase a 


assay in the present and absence of AMP. 
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Paruel lua Redmoactive, Titration 
A. Quenching 

The number of moles of reagent per mole of enzyme 
required for inactivation could be determined using radio- 
active DHT. Before commencing a radioactive DHT titration 
of the enzyme, it was necessary to select a scintillation 
solution and determine quenching, if sony. aln order gto 
accomplish this the following experiments were done. 

IAM phosphorylase b at 5 mg/ml, in 50 mM Pi, 15> eM 
EDBA, pH 6417,90°C, wasemade 0.4 mMywith»respect to radio- 
active DHT. Another portion of the same enzyme solution 
was made 0.396 mM with respect to non-radioactive DHT. Both 
were assayed after one and sixty minutes, and the reactions 
stopped at sixty minutes. Therefore, each reaction mixture 
contained the same percentage of hydrolyzed DHT, DHT-treated 
IAM phosphorylase b and DHT buffer reaction products. The 
radioactive DHT-treated IAM phosphorylase b had a residual 
activity of 10% at one minute and 7% after sixty minutes. 
The non-radioactive sample had 12% residual activity at one 
minute and 6% at sixty minutes. 

Standard aliquots of the reaction mixture were counted 
in Bray's D scintillation solution with increasing amounts 
of untreated phosphorylase b present. The results are 
shown ineTable.V. Neither increasing the protein concen= 
tration, nor the presence or absence of buffer, quenched 
the number of counts, or affected the external standard. 


Next, increasing concentrations of reaction mixture 
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TABLE V 


Quenching by Phosphorylase b 





Phosphorylase b 





mg per vial External 
# Untreated Total cpm Standard 
y 0 OO. 252 18,816+94 LAOZZ 
2 0.050 | OF 282 18,764+131 Of998 
5 OF LOO OI 32 18,6022130 1#000 
4 0.200 0.432 L857 792132 02990 
5 0.502 0.734 1858572132 OF998 
6 1-00 £4236 287 6B7t130 OF 995 
7 0 0.252 HES 8002132 On 9 OL 


a 


Eachescintillation-vial- contained 0.05 ml,of the -radio- 
active reaction mixture (i.e., 0.232 mg of, treated protein). 
Samples 2-6 received 0.1 ml aliquots of increasing amounts 
of untreated IAM phosphorylase b in 50 mM Pay 1t5 mMPEDTA, 
pH 6.1, as indicated. Sample 1 contained no untreated 
protein. Sample 7 was the same as sample 1 except a 0.1 ml 


aliquoteofe 50. mM Pi, 1.5 mM EDTA, pH 6.1, was added. 
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44 
were counted. The results, shown in Table VI, again indi- 
cated no guenching or significant change in external standard. 

In both of these experiments a precipitate formed, 
the quantity of which was dependent upon protein concen- 
tration and time. Such precipitation should result in 
quenching. In order to investigate this, another scintil- 
tation solution; Meeeol was used in which the protein was 
more soluble. Increasing amounts of the reaction mixture 
were added to Aquasol, and the results are shown in Table VI. 
C.p.m. observed in Aquasol and in Bray's D scintillation 
SOluclonusawene senemcaMmer thus indicating that protein sprecipi-— 
tation had no quenching effect on the radioactivity. 

Thesradioactive DHT Stock solution was diluted into dis- 
tilled water to a final concentration of 0.4 mM. This was 
the same concentration of the DHT in the original reaction 
mixture. Increasing amounts of the 0.4 mM radioactive DHT 
in distilled water were added to Bray's D scintillation sol- 
ution and counted. The results are shown in Table VII. 

Once again it was demonstrated that the presence of buffer 
and protein did not quench the radioactivity. 

Increasing volumes of the non-radioactive reaction 
MixtuLreswene added tOvasrad@oactive Standard. ihe resules 
ace showneun Table VLIL Asein the previous scase,, no quenching 
OL radioactivity of Signdticant, change in) the external Sstan— 
dard was observed. 

After removal of aliquots for the above experiments, 


both samples were dialyzed into 20 mM GP, 5 mM ME, 1.5 mM 


Bb 






-ibat ateps ,IV sidet mi nmwode  Shivaes odt -boanues ose 
.brebaste [enitetxs mi apnsds Sif Peas +O exironeup on basen 
,bemi0t? sistigiosig s esaomiisgys Seeds Yo, dgod aI 


-~nsonoo nistoxrq moqgu Jnabasqeb abw rpidw to Ytisneup otis a 
ati tiveast Bblyode noidsttqioszg dove iene bos noLss2t _ | 7 
-litnioe rotons ,etd etspiteovat ot sebt0o al .patdonsup 7 
SEW niesoxa ents doinw ot boey esw ,loesupA yaGtsuios aolgas . - 
eivtxim aoitosox oft to edavons piiiesst0dl -9iduloe exon | a 
.IV sidsT at nwode ets atfueex sit bas , loasupA-oF bebbs osew 
noitelLtsnioe d e'ysid.ni bas LoesupéA ai bsvasado seg. 
~igqiosiq nisto1ig tart pattsoibnas eudis ,9ome6e ort3 giew enoiteloe : 
.ytivitosofbst sit no tostis patdonstp on ber coLsed 7 
| 
-aib ojni betulib aew nottnufoe Aoaxta THA evisosoibes sift ~~" 
eow eidT .Mm b,0 to nottsiz3ason0o Isnt? & oF tedew Bebbke : 
nortosex Isntipizo sdt as THO eit 6 aottsttnsono SoMBe aris 7 
THO svitosotbs1 Mm 6.0 sit to etnvoms pitaseitont  Siudeim . 7 
-fLoe norteilitnioe dG e'yaxd ot bsbbs oxsew ist6w bol liveth mi = . 
.TIV sldeT ai‘nworde ors Sti veot sat Bodnwoo bre moitu 7 










tstind to sonses1g sit jedd betsutenomeb e6w-Jti eisps sono 
.ytividosoibsa fd domeup jon bib alosoug Gas. 

noitosox evitosoibst-non st 20 eomulov priesorsnt a. 

glues: od? .bishasta svisssoibex s fa ssw owed 
Papel an - a of3 mt ka +f ve 916 
de ai es ; 4 P| ce: 7 ro 


a) 








IV SdaAT 


SivtxiM noitoseA yd piidoneuD 





mga THO to pm 
mq bes il sarrou bevirsedd es69rF 
{sax93xd bevisedo ni map Isnx1s3xi ni -io0nqe 
busbaste2 LoesupA ne a a‘ ysxd Hisbass2 a e'yera i 
reo. g2eSh%,£ ves2ar,€ £22.0 Tas2avyé 
60L..f ereene iI BEtcesBy,€& ese.0 BLL+Tes, EL 
200.f £[¥+000,e!I TSt[8T,£ €00.f aoltesi,ef 
 oa0.4 @2s+ena, Ss "S408, efo.t OdLzb18,SS — 
=e - aStely.€ T00. 1 Bosszeny,es 
‘ard’S peatesqo eyQ OCAUT UOT Fes74US0U0R) UTERZC eee 
zal > OEL.L EdL+S$€a,S€ OS+IEa,€ E00.L €81+088, SE at 
wy 8 aya Gutprarp Aq peutezgo o2em sentea .G ¢,4e5q ut “wd peztTeurou, ogy Ls 
ae 2 ee EBL22Td, aE Blzeba,€ $82.0 - — EBIEDED. BE cab.0 ; 
_ -  mozeert uyoe g Aeta pue qoseniy W309 my PSGUNGS SEM ARTATISSOTPRE | “ee Jak tel 
a ~ ieee LT vey ey BLeSt3,& ("pae. 0 CaEtSED, EF 52.0 
eo oe “= 2 eya wost 3 A39911P VeXey etan szonbrie«] - £ 86 tdwes Wy *STRTA wo FART 
a -— ELtVEv,€ s8e.0 acesz2[l, Sil . 





“SUF 02 PepPr “exons 1 TH! T° Wey? PUT /2978e POLI PASTS oan 
MOTIDIVAs BATIOLOTpeEA SU woOAz sierrsot tp aivtatosdde 4 


45 





= = cea sie s c86°0 Q9EEFSTI‘ ZIT Crist 
SecOr[ 99EFEPT‘EL 8TFZL9'E 796°0 LOEFZEP‘EL 9c6 0 
PASTE Us E8TFSL9O'9E 8STF6P9‘E C3.0m.0 E8TFPOP‘9E So a0 
Cea EXTFCEO‘CE OZFTE9‘E =O00sE E8TF089'ZE ati 
= a 9ZFOIL‘E 0 Oma: 807F6PL‘ 62 OLE 30 
99 Use 6STF+609‘ZZ2 L7FZ08'E SL TE O9TFPL8 ‘ZZ 6£6.0 
SS Oaet IL#000‘ST LTFTBL‘E €00°T 9O0TFSCT‘ST S8T°0 
SO bak 6LFEVE‘TT SEFSBL‘E 686°0 PITFLS2‘ TT OCt a0 
E601 O9SFZPL‘E LS#S9L‘E S6600 LSFG9L‘E€ 97050 
paepueys Tosenby ut q s,Aeirg paepueys q s,Aeig q ose 
TeursAXyY peazesqo ut wdo TeureyXY UG -zoyudsoud 
wdo PeZTTewION peazesqo pe zeez3 
wdo Lui O out 


IA AWIAVL 


SANAXTW uot_AoOeey Aq bHhutTYyouseNnd 





45 


-u°d*S paeaAzesqo oy OFUT UOT FeAWUSOUOD uTaqo2d gO ofdt4aiam 
ouy butptatp Aq peute,qo eieM soenTeaA ,d s,Aerq ut ‘w'd*S peztyteuiou, esyL “suotyntos 


uoTHeTTTRUTOS qd s,Aeig pue Tosenby yZOq UT pezUNOo sem AATATAOCOTPRY [oo CAnaXTuUlpeCrs 


POeSteOUI silo; Apqjooi tp Ueje, 21sh SOND TI Lesoe- 2 soTdues ul *STeTA UOTRETTTIUTOS 


Buy O02 peppe sjaonbiTe [TW 1°o wey, pue 4 FoIeM PeT [TAS ID OU Te ae 


uOoT}POVSA SATAIOVOTPeA SYR WOTF SUOTANTTP sqeridoiddye “9, -—G S=e(dues al 






ont mort saiies meciinel a ~ pee 
i ¢ ‘poowpiie tw 5.0: qen Satew bal 
= oe 
“(ae - eg fox vided nets SaSu ere. v 
: : - j 
isha “Cl “et yaxt brs redinei ness Mk painveo te 


oo _ a 


edt paib ivib yd benisido sisw eau iay “qd 2 hie gee th .m.¢.2 bestist 














-m.g.5 EsGuearto ons otai notsexsasone3 ie = co 


TABLE VII 


Quenching by Buffer and Protein 


i 


Column I Column II 
DHT-Treated 
DHT Diluted Phosphorylase b 
into HO, cpm from Reaction 
# Mixture, cpm 
nn se enre ne, en ee 
A 3,614+54 thy (Gls s) 1 
2 MORO I0L7 7 1173572114 
B Ie Oh, oie2 Oa WSs p LPN es NOK 
4 227, 0605+103 22,814+160 
5 2957002179 297, 1492208 
6 32 ,814+164 32, 6802183 


i 


Results in Column II were compiled from Table 
VI." Results in’ Column I were obtained by the 
same dilutions into distilled water as used in 
Obtaining resultsetor Table VINP*However,= the 
starting mixture for these dilutions, unlike the 
previous case, was not a reaction mixture of 0.4 mM 
DHT, phosphorylase b and buffer, but rather 0.4 mM 


DHT in distilled water. 
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TABLE VIII 


Quenching of Radioactive Standard by the Reaction Mixture 








External 

# mg per vial cpm Standard 
1 0.046 1525 299:5e 88 0739.9:9 
2 0.092 12,660+89 Iea0-0.5 
3 Ose 12 ,666+89 On 
4 0.462 12 ,636+89 0g29-7:6 
5 0.924 12 ,636+88 0:29.70 
6 Standard 12 ,567+88 les 0la/ 

sa ee i he aa ee ne 

For samples 1 - 3 appropriate dilutions from the non- 


radioactive reaction mixture were made into distilled 
water, and then 0.1 ml aliquots added to the scintillation 
vials. Samples 4 and 5 received aliquots taken directly 
from the reaction mixture. Each sample received a 0.1 ml 
aliquot of radioactive 5AT in distilled water as a 


standard. 
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48 
EDTA, pH 6.8. After dialysis increasing amounts of the 
radioactive DHT treated IAM phosphorylase b were added to 
both Bray's D and Aquasol scintillation solutions. The 
results are shown in Table IX. In both cases the c.p.m. 
under similar conditions were the same. There was no 
quenching observed due to increasing amounts of DHT-treated 
IAM phosphorylase b. Both external standard and ratio 
(ct4 73) were found not to be related to c.p.m. 

Increasing amounts of the dialyzed non-radioactive 
DHT-treated IAM phosphorylase b were added to scintillation 
vials containing a 140_n-hexadecane standard. Samples 
were counted in both Bray's D and Aquasol scintillation sol- 
utions. The results are shown in Table X. As before, they 
indacatemthat Dita treatedslAMophosphory.lase bi does not 
quench, and no correlation between c.p.m. and external 
standard was observed. 

Finally the efficiency of the Beckman LS-200 was 
determined for both scintillation solutions using cee 
hexadecane as the standard. C.p.m. were found to be 94% of 
Chesdnpatewio bray Sipescinta llationssolution send) 9230 in 
Aquasol scintillation solution. 

In the following experiments radioactivity was counted 
in Bray's D scintillation solution. Results obtained from 
samples taken before and after dialysis were used without 
correction. However, each time samples were counted, the 
efficiency of the machine was determined to ensure that it 


remained constant. 
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TABLE IX 


Quenching by DHT-Treated IAM Phosphorylase b 





Normalized 

mg per cpm in External Ratio cpm in 
# Vial Bray's D Standard cl4/H3 Bray's D 
us 0.045 867426 Ono 2.420 867426 
2 Oer22 2,540+76 0.984 Pie's EM) 931428 
3 0.288 3,898+58 02290 Tiayeyel 975+15 
4 Oe 207 5,742+57 02977 2.437 Seri eaile 
3 02356 (pee 7K) 000 OO 991410 
6 0.445 FOU ood Ono 32 Die SOL NG theo 7) 
q! 0.890 VOR 39329) 0.937 2.406 97045 
8 4.45 937 ooo h2 62 Orb ou. 272i, 93922 


The concentration of radioactive DHT treated IAM phos- 
phorylase b after dialysis was 4.45 mg/ml. For samples 1 - 5, 
appropriate dilutions were made into 20 mM GP, 5 mM ME, 1.5 
mM EDTA, pH 6.8, then 0.1 ml aliquots were added to each 
scintillation vial. Aliquots for samples 6 - 8 were removed 
directly from the protein solution. These samples were 
counted in Bray's D and Aquasol scintillation solutions. 


"Normalized c.p.m." were obtained as explained in Table VI. 


24 hours after preparation the samples were counted again, 
this time with the ratio of GES to H? instead of external 
standard. The c.p.m. observed with the second counting were 


the same as the first, hence the ratio is listed above beside 


the exact value of the first counting. 
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Quenching of 


mg per 
# vial 
1 0.048 
2 0.0.9.5 
3 0.143 
4 0:5.129.0 
5 One235 
6 0.380 
" 0.475 
8 0.950 
o 1.900 

Standard 


TABLE X 


14 


Bray's D 
cpm 


17,057452 
17,027+52 
17,029+52 
17,023+52 
17,035452 
17,001+52 
17,057452 
16 ,999+52 
16 ,982+52 


75 O06 O52 


External 
Standard 


0.964 


02959 


0.954 


0 933 


OMo5 9 


OF 32 


Oso fal 


0.946 


029510 


0913.8 


14 


Each sample received 0.1 ml of 


in the respective scintillation solution. 


C-n-Hexadecane by DHT-Treated 
IAM Phosphorylase b 


Aquasol 
cpm 


L6s, 557/+63 
1657580283 
io Powe 183 
1 69532 84 
16 ,498+83 
6 1562283 
16 ,554+83 
Toyo e0LS3 


16 ,642+83 
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External 
Standard 


1.069 


iy. 0:98 


tO 751: 


1.084 


H7A0:69 


15.106 1 


15.485 


1.074 


150,97 


C-n-hexadecane dissolved 


The concentration 


of the non-radioactive DHT-treated IAM phosphorylase b after 


dialysis was 4.75 mg/ml. 


For samples 1 - 6 appropriate 


dilutions were made into distilled water, then 0.1 ml aliquots 


wenerodded tosceach scinti Llatwvonsivial: 


aliquots directly from the protein solution. 


Samples 7 - 9 received 
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B. Preliminary Inactivation Studies with Radioactive DHT 

Phospnory lase 6, IAM phosphorylase b. (sometimes in the 
presence of substrates) and apo IAM phosphorylase b, in 
50 mM Pi, OO; MmMSEDITA, pH 6.1, 0°C, were Ptreated"*with DHT. 
At the same time activities were determined, aliquots were 
removed and diluted 2X into 50 mM GP, 50 mM ME, pH 6.8. These 
samples were then dialyzed into 20 mM GP, 10 mM ME, 2 mM EDTA, 
pH 6.8. Using these dialyzed samples, the DHT incorporation 
was calculated. The results are shown in Table XI. 

Phosphorylase prepared in DTT had incorporation values low- 
er than phosphorylase prepared in ME. The reason for this is not 
understood. However, the results show that 0.82 modified 
residues result in 19% residual activity, indicating that 
one modified residue per enzyme monomer results in total 
inactivation. Subsequent increasing incorporation did not 
lower the per cent residual activity to zero, thus indicating 
that residues not related to catalytic activity were modi- 
fied. Since the other enzyme forms show the same per cent 
residual activity, but even higher incorporation values, 
a Similar pattern of inactivation is suggested. 

IAM treated and native phosphorylase b both had the 
and B 


il 2 
sulfhydryl groups do not react with DHT. IAM treated apo 


same incorporation values, indicating that the B 


phosphorylase b also showed similar values, indicating that 
the removal of PLP does not quantitatively alter incorpor- 
ation. Except for AMP, the substrates did not protect the 


enzyme. The protection afforded by AMP was limited. 
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TABLE XI 


Incorporation Values for DHT-Treated Phosphorylase b, 
IAM Phosphorylase b and Apo IAM Phosphorylase b 


EE EE aenannenennnaal 


Enz DAT necor- % 
Enzyme Conc Time poration/ Residual 
Sample mg/ml mM DHT (min) Monomer Activity 
IAM Phosphor- 5 Ono 0 Tbe 18 
yokeisios 2. 36 9 
10 2 ee 
une 2200 
\heeeeluboe Cee See ee eee cere eee ee anna 
IAM Phosphor- s) Oech) 0 0.82 9 
ybase 2. 30 1.65 11 
ee ee ca arasnensna amen ah ene 
Phosphorylase 5 O5 0 1.4 19 
e. 30 2.4 7 
ee ee ee eS 
IAM Phosphor- i) Qe oe) 0 1.43 34 
ylase b plus 
> mM AMP 30 ey | 18 
2.1/1 Cesieuer off 6h. Se eee 
IAM Phosphor- 5 0.35 0 1.43 14 
ylase b plus 
AGMriM: Gawlie 30 2a 19 
en 
IAM Phosphor- 3.8 0.41 0 1.48 3 
ylase b plus 30 2.86 
1% glycogen ‘ 
TET cena a ence eee aan yaaa oir eee ae eee 
Apo IAM Phos- 5 0235 0 2623 ~ 
phorylase b 30 2.67 ~ 


a a er 


*Indicates phosphorylase b from preparation using DTT, not ME. 


Se 








= | 1 cy oe 
ro ia 






tunis Neale 
YIiVisoA TantonomM 


omy 
(nim) 






OL $8.0 Oy ef. ae | storiqgon? MAT 





Ne: 


CG. seitect on DHT Incorporation of pH and of Reduction of 


the Pyridoxal-5'-Phosphate Linkage 
Reduced IAM phosphorylase b and IAM phosphorylase b, 


both in 80 mM borate, 1.5 mM EDTA, pH 8.8, and in 50 mM Pi, 
i 5 mM EDTA, pi G. tal. at. O°C, were treated with radioactive 
DHT. After one minute the reaction was stopped, and the 
aCtLVILY determined. The contents of the reaction flask 
were dialyzed into 20 mM GP, 5 mM ME, 1.5 mM REN Vets Pll Shen oi 
However, a sample from the IAM phosphorylase b, pH 6.1, 
reaction flask was also passed through a G-25 Sephadex column 
into 20 mM GP, 5 mM ME, 1.5 mM EDTA, pH 6.8. Absorption 
spectra were obtained of the dialyzed samples and activity 
and DHT incorporation values were obtained on all samples. 
The results are shown in Table XII. They demonstrate that 
modification of 1.0 residues per enzyme monomer at pH 8.8, or 
0.77 residues per enzyme monomer at pH 6.1, results Thecova. 
inactivation. Therefore, only residues essential to cata- 
lytic activity are modified within the first minute of 
reaction. Previous results indicated that allowing the 
reaction to proceed for longer periods of time would not 
substantially increase the loss in activity. Tien Turn 
must mean that the remaining unreacted DHT modifies other 
residues not related to catalytic activity. 

The spectral results indicate that the groups modified 
at pH 6.1 are different from those modified at pH 8.8. 
Reduction of the protein does not influence DHT modifi- 


cation of the enzyme at either pH. Dialysis causes the 
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activity of the protein treated at pH 8.8 to increase, but 
the activity of the protein treated at pH 6.1 remains the 
same. Passage of DHT treated protein through a co umnwes 
G-25 Sephadex instead of dialysis does not affect incor- 
poration values. 

DHT modified lysine, histidine, tyrosine, and to some 
extent arginine, are destroyed by acid hydrolysis (16). 
Therefore, an amino acid analysis was obtained of the 
DHT treated protein with the highest incorporation value. 
The results shown in Table XIII demonstrate that no signifi- 
cant changes can be observed within the limits Of error OL 


this type of analysis. 















22 
dud \eunsuond as B.8 Ha +5 Bs tsox4 ) 
sit enismox fa fa ts betsexd ‘A. 
to amutoo & toc ntstoxrg besabae 
-rooni tjoeits ton easo0b etayfsib. ‘% eee? 
emoe ot bos ,sateotys voaibiserd, one Lae na ; 
. (af) eieyloxbyd bios yd beyotzash sas ‘<ailiese Beatie’ 
eit to benistdo ssw eleytens bios onkme: sad -orotetadt - 
.suisv notsisxogioont teodpid edt Adiw nisjox betsout Tia 
-ttinpia on ts8d3 staxt enomab IIx sfdseT az nwore a3ivess edt ) 
to toste Jo etimil ont aids iw bevieedo od as. eepnsds das9 
-eteyinns 20 says eit 7 





TABLE XIII 


Amino Acid Analysis Carried Out on a Sample of 
Reduced IAM Phosphorylase b Treated with DHT at pH 6.1 


Cae etna aaareasaaar SOPATNINA? TSS 


# per dimer 


Theoretical 

Amino Acid Value 2a) 11% 48 hr 12 e 
Lysine . 86 84 85 86 
Histidine 38 40 4] 43 
Arginine Teas) 2 TO 114 
Aspartic Acid 182 184 180 185 
Threonine 64 66 66 66 
Serine 54 D2 48 45 
Glutamic Acid 188 183 185 186 
Glycine oe O3 Sul 93 
Alanine 120 Standard 

Valine 114 jaa oles 125 
Methionine 40 oe) 36 8 
Isoleucine 30 81 84 90 
Leucine 150 149 iPeuk 150 
Tyrosine 68 67 69 os 


Phenylalanine Ue UE al 74 
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D.5 Effecttof pHionsDHT Incorporation and Stabidity 


One portion of an IAM phosphorylase b sample was passed 
through a G-25 Sephadex column into 50 mM re, 1.5 mM EDTA, 
pH 6.1. The protein in this buffer at a concentration of 
8.0 mg/ml at 0°C was treated with 0.512 mM DHT. The other 
portion of the IAM phosphorylase b sample was passed through 
a similar column into 80 mM borate ,wlt5S MMIEDPA; ;epHes.ser in 
this buffer at a concentration of 7.9 mg/ml at 0°C, the protein 
was treated with 1.02 mM DHT. After one minute both reactions 
were terminated. The sample at pH 6.1 showed 9% residual acti- 
vity, while the pH 8.8 sample had 22% residual activity. 

Addition of the GP, ME buffer at pH 7.0 to the reaction 
mixture at pH 6.1, raised the pH to 6.5. This solution was 
separated into two samples, A and B. Sample A was passed 
through a G-25 Sephadex column into 50 mM Pi, 1.5 mM EDTA, 
pH 6.1. B was passed through a similar column into 20 mM 
GP} 5 MMeME,; 1:5 mMeEDTA;epH 6.8or1Examinationsofsthese 
samples revealed that A had 15% residual activity with 1.22 
moles of DHT incorporated per mole of enzyme monomer, while 
Behadel2¢eresidualuactivityewithe! .6¢5emolesvofophihancoxr> 
porated per mole of enzyme monomer. 

The addition of GP, ME buffer at pH 7.0 to the reaction 
mixture at pH 8.8 resulted in lowering the pH to a value of 
8.5. One portion was adjusted to pH 8.8 and 30 minutes after 
the addition of DHT, the absorbance at 478 nm was measured. 
From this value it was calculated that 0.54 tyrosines per 


monomer of enzyme were modified. The reaction mixture at pH 8.5 
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was separated into two samples, C and D. Sample C was passed 
through a G-25 Sephadex column into 80 mM borate, 1.5 mM EDTA, 
pH 8.8, while sample D was passed through a similar column in- 
to 20 mM GP, 5 mM ME, 1.5 mM EDTA, pH 6.8. Examination re- 
vealed that sample C retained 39% residual activity while in- 
corporating 2.21 moles of DHT per mole of monomer of the enzyme. 
Sample D had 44% residual activity withe®2 275 moles tof DHT 
incorporated per mole of monomer of the enzyme. 

These results indicate that the isotope incorporated into 
the protein is stable with respect to the pH changes encoun— 
tered during dialysis. 

Previous results indicated that DHT treatment of the pro- 
tein for a limited time at pH 8.8 would inactivate the protein 
by modifying one residue per enzyme monomer. However, these 
conclusions were based upon a protein sample which was not 
completely inactivated. The above results show that when the 
DHT concentration is raised, in order to obtain more inactiva- 
tion, substantial modification of residues not essential to 
catalytic activity occurs, even with a limited reaction time. 
One of these residues is tyrosine, the nature of the others 
DS. inot Wenowr. 

DHT treatment of the protein at pH 6.1 instead of pH B25 
results in considerably less modification of residues not re- 
lated to catalytic activity. Therefore, when it 1s desired to 
inactivate the enzyme by modification of residues related to 
catalytic activity, the reaction should be carried out at 
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E. Radioactive Titration 

Solutions of phosphorylase b, at concentrations ‘ope 3) 
mg/ml and 0.5 mg/ml in 50 mM Pi, ih te (AI, Ge nth 1 cer 
were treated with varying concentrations of radioactive DHT. 
Activities were measured at 0 minutes and 30 minutes. At 
these same times, aliquots from the reaction mixtures were elle 
luted) 2x into 20 MM GP) 20 mM ME, 1.5 mM EDTA, pH 6.8 
and then dialyzed into 20 mM GP, 5 mM ME, 12 5SenM EDTA, pH 
6.8, and DHT incorporation determined. The moles of DHT in- 
corporated per mole of monomer of phosphorylase b was plotted 
against the per cent residual activity determined before dia- 
lysis. The results are shown ingeagures 12 and 13. §They indi— 
cate that modification of one residue per enzyme monomer pro- 
duces total inactivation. 

The results also show the importance of enzyme concentratiol 
and the length of time the reaction is allowed to proceed. At 
5 mg/ml modification of the residue essential tor catalytic 
activity takes place immediately. Allowing the reaction to pro- 
ceed for a longer period of time only results in modification of 
residues not essential for catalytic activity. Hence, Incorpon— 
ation values increase with time, but percent residual AGELVILY 
remains the same. 

The results at 0.5 mg/ml are different. By lowering the 
protein concentration, the rate Obeinactivativon LsSmceauced 
enough so that the residue essential for catalytic activity 
is not completely modified within the first few seconds. Hence, 
incorporation values increase, and percent residual activity 


values decrease, with time. 
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Figure 12 

Radioactive DHT titration Of spnospnerny lasecmbemmeloss 
phory tase) bvat ay concentration 0 Gaoeing Tien Om M Pir 
1.5 mM EDTA, pH 6.1, at O0O°C, was titrated with 140_pyT at 
concentrations of 07036 mM,) 02 06emMy es Oe0 Cm mire Oe Zemee 
Celis emM? 0.20 mM and 0.30 mM, for the points from left to 


Pugh. 


X=X> 3 Residual activity at 0 minutes. 
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Figure 13 

Radioactive DHT titration of phosphorylase b. Phos= 
phorylase b at a concentration of 0.5 mg/ml in 50 mM Pi 
1.5 mM EDTA, pH 6.1, at 0°C, was titrated with 140_pHT at 
concentrations Of 222M, 6.7, UMTS (UM eee et eee See 


1874 UM and) 30 5M for the points: from) left eto right. 


X-X % Residual activity at 0 minutes. 


O-O % Residual activity at 30 minutes. 
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62 
Part IV. Phosphorylase b Reactivity with DHT 
The radioactive results presented in the previous section 
indicated that phosphorylase b treated with DHT in 50 mM 
Pi, 1.5 mM EDTA, pH 6.1, contained approximately one modi- 
fied group per enzyme monomer and was completely inactive. 
The purpose of the following experiments was to elucidate the 
nature of this group. 
A. Reactivity of Sulfhydryl Groups in Phosphorylase b 
with DHT 
Shimada reported (13) that DHT reacted with a sulfhydryl 
group in myosin producing an increase in absorbance at 320 
nm. Evidence presented in Part I, Section B, indicated 
that DHT reacts with the sulfhydryl group of mercaptoethanol 
producing an absorbance peak at 320 nm. The amino acid 
study presented in Part I, Section C, also shows that the 
reaction product of DHT with N-acetylcysteine produces a 
peak at 318 nm. DHT modified phosphorylase b in 20 mM GP, 
5 mM ME, 1.5 mM EDTA, pH 6.8, shows an absorbance peak at 
320 nm with a molar absorptivity value in agreement with that 
of monoazotetrazole-N-acetylcysteine. Therefore, the tol 
lowing experiment was carried out in order to examine the 
possible reaction between the sulfhydryl groups in phosphory- 
lase b and DHT. 
Phosphorylase b in 50 mM Pay eS mM IED TA, Osi tG6.Mib Yat 
11 mg/ml and 0°C, was treated with 0.808 mM DHT. A control 


sample was prepared under the same conditions, but was not 


treated with DHT. Samples at 0 time and 30 minutes were 
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63 
removed for activity assays and ultracentrifuge studies. 
The residual activity for the treated protein was 
15.7% at 0 time and 9.9% at 30 minutes. iNeieere 6) 
minutes the reaction was terminated. The control and DHT- 
treated protein samples were dialyzed into 1% GP, 12 KCL, 
0.15 mM ME, 1.5 mM EDTA, pH 6.8. After dialysis sedimenta- 
tion velocity studies were carried out on the samples which 
were removed from the reaction mixture at zero and 30 minutes. 
The results are shown in Table XIV. The phosphorylase b 
sample treated for 32 minutes with DHT, after dialysis into 
heeGhanle KCl, 0.1 5amMeME 135 omM EDTA, pH 6ig5 ; sat ay Concen= 
tration of 9.2 mg/ml, was treated with 10 mM radioactive 
iodoacetamide at 30°C. The control sample (phosphorylase b 
not treated with DHT) in the same buffer at 9.6 mg/ml and BO 
was likewise treated with 10 mM radioactive IAM. Samples were 
taken from both the control and DHT reaction mixtures at 0 time, 
2 hours, 4 hours and 6 hours for enzymic activities, peptide 
studies and incorporation studies. Likewise, samples were 
taken atl @ time and 2 hours for ultracentrifugation studies. 
These results are shown in Table XV. 

The samples, removed for peptide analysis, were treated 
with pepsin as described in Materials and Methods. The pep- 
tides were separated on paper by high voltage electrophoresis 
at pH 6.5 for 45 minutes, and scanned for radloactavity. Uie 
strip scan results indicated that both DHT-treated and regu- 
lar phosphorylase b contained reactive Boy Bo, N and A 


sulfhydryl groups. 
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TABLE XIV 


Effect of DHT Upon Sedimentation Velocity 
of Phosphorylase b 


ee a a aa aE 


% Residual 


Enzyme Time ACULVLEY. 29 % Area 
Control 0, ' 100 Gad 95.5 
ly 2 5 

ee ye ee er 
DHT-treated OF iWersal Sas) 6.6 
phosphorylase b ons) 85d 
Hah) He6 

i etna ar these ey ctl aa in ie 
Control 3.Qy' 100 1 ae 98.5 
1.9 th; BAS 

ee 
DHT-treated sO" Shey) De 0 20m 
phosphorylase b OF 66.2 
lie 4 P3a-3 


% Residual activity of DHT-treated protein and Control 


were determined from samples taken directly from the reac~ 
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tion mixture. Sedimentation velocity results were obtained 


on samples after dialysis. 
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TABLE XV 


Effect of DHT Upon Titration of Sulfhydryl Groups by IAM 
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% Residual activity and ultracentrifugation results 
were determined on samples taken directly from the reaction 
mixture. Incorporation values were determined from dialyzed 
samples obtained in the following manner. Aliquots were removed 
from the reaction mixture at the indicated times, and diluted 
2X in 50 mM GP, 50 mM ME, 1.5 mM EDTA, pH 6.8. These samples 
were then dialyzed into 20 mM GP, 20 mM ME, 1.5 mM EDTA, 


DH 6.8. 
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These results indicate that the DHT phosphorylase b 
with 10% residual activity is only 20% monomer. Therefore, 
the N and A sulfhydryl groups are not modified by DHT, since 
it is known that their modification results in inactivation 
and complete dissociation (31). Treatment of the DHT phos- 
phorylase b with IAM produced an increase in the percentage 
of monomer. This indicates that the N and A sulfhydryl groups 
were titrated by IAM, and therefore could not have reacted 
with DHT. There was also an increase in the percentage of 
fast sedimenting material, which must represent a new aggre- 
gate state of the enzyme. 

Incorporation of 140_taM into both the control and DHT 
protein sample was identical. Therefore, the integrity of the 
sulfhydryl groups in DHT-treated protein is the same as in 
the native enzyme, and this serves as further evidence that 
DHT does not modify sulfhydryl residues. The results show 
that. about) 50% of the By and B. sulfhydryl groups were reactive. 
As is often observed, the remaining percentage was oxidized 
under the severe dialysis conditions (34). 

Analysis of the 140_taM peptides revealed that there 


were reactive B N and A sulfhydryl residues in both the 


iLY Bor 
control and DHT treated proteins. Hence, DHT treatment does 


not quantitatively titrate any one of these groups. 
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B. Spectral Study 


In Part I spectra of certain monoazotetrazole-N-acetyl- 
amino acids were presented. With the knowledge of where 
the maxima occur and what their pH dependence is, the 
following experiment was carried out in the hope of character- 
izing the residue which reacts with DHT. 

IAM phosphorylase biateva concentration of 10 mg/ml in 
50 mM Pi, i Sam EDEAOHMoe earateO0lC ,;) Wasetreated with 
0.344 mM radioactive DHT. After one minute the reaction was 
stopped. An enzymic assay determined that the residual 
activity was 30.4%. The DHT-treated IAM phosphorylase b 
was passed through a G-25 Sephadex column into 20 mM GP, 
20 mM ME, 1.5 mM EDTA, pH 6.8. Isotopic counting revealed 
that 0.92 moles of DHT were incorporated per mole of enzyme 
monomer. Ultracentrifugation studies indicated that, as in the 
previous example, the enzyme remained predominantly dimer. 
This result is. shown in Piguresl4. Ultraviolet spectra 
were obtained on this treated protein at pH values varying 
from 2.6 to 11.4. The spectra are shown in Figure 15. The 
protein showed a peak at 321 nm which did not vary ineMmagna— 
tude between pH 6.8 and 8.8. However, raising or lowering 
the pH,so that the enzyme was denatured, generated new 
spectra. At pH 11-4 the 321 nm peak disappeared, and a new 
peak at 388 nm appeared. At pH 2.6 the 321 nm peak was 
reduced. 

There are two possible explanations for these results. 


First, the 321 nm and the 388 nm peaks could be due to the 
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same chromophore. The shift could be caused by the denatur- 
ation of the protein at pH 11.4. This implies that the peak 
at 321 nm or 388 nm is produced by the reaction of DHT with 
a particular amino acid residue. Since monoazotetrazole-N- 
acetylhistidine has a maximum absorbance at 360 nm, it could 
be suggested that this was the amino acid oe Cie sit 1 Ons ae 
second pacman tye? is that the 388 nm peak is not caused by 
the reaction of DHT with any amino acid residue, but rather 
represents the absorbance of free PLP released when the 
protein was denatured. It is known that free PLP shows 
absorbance peaks at 328 nm and 388 nm at neutral pH. The 
former peak decreases and the latter increases with increasing 
pHe(35)me Also,5.2 mg/ml of phosphorylase b at pH 2a cea LL 
show a peak at 388 nm with a magnitude of 0.35 absorbance 
units, due to the release of PLP (36). 

Experiments were conducted in order to distinguish 
between these two possibilities. The spectral samples con- 
taining the DHT-treated protein shown in Figure 15 were stored 
at 5°C for three weeks. Absorbance spectra obtained on the 
samples at pH 6.8 and 7.3 after this storage period jstil i 
showed the major peak at 321 nm. Each sample was treated 
with 2% SDS, which is known to denature the protein and 
release PLP. The pH of both samples increased two tenths 
of a unit. Absorption spectra of these samples revealed a 
reduced 320 nm peak and the appearance of a 388 nm peak, thus 
establishing that the peaks were not one and the same. sie 


appeared that part of the 320 nm and all of the 388 nm peak 
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7% 
were due to the release of PLP. Since the free cofactor was 
known to be pH sensitive, the SDS treated DHT protein at 
PH 7.buwasedilutedwl0x dnton20 mMVEP, @20°mMeME,*1.5°mM EDTA, 
so that the final pH values after dilution were 6.8, 8.1 and 
8.9. Absorption spectra obtained on these samples showed 
that the 320 nm peak decreased and the 388 nm peak increased 
with increasing pH. 

Therefore, the 321 nm peak disappearance and 388 nm peak 
appearance at pH 11.3 of DHT-treated IAM phosphorylase b is 
the result of the enzyme being denatured and releasing PLP. 
The nature of the 321 nm peak in the DHT protein between pH 
values of 6.8 and 8.8 is unclear. Obviously histidine and 
tyrosine cannot be involved since their reaction products 
would produce absorption peaks at 360 nm and 478 nm respec- 
tively. Lysine and tryptophan appear unlikely since the 
former would have no absorbance peak above 300 nm, and the 
absorbance peak of the latter should be pH sensitive. There- 
fore, either the cofactor or one of the other amino acid 


residues reacts with DHT. 
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Gey SeLeesStudies 
1. Loss of PLP from DHT-treated phosphorylase b 

During the course of this study a number of results 
were obtained which indicated that the PLP in the protein 
was direclty or indirectly affected by DHT. 

In Part II, Section A, results from the Prtratvon.oL 
phosphorylase b with DHT at room temperature were presented. 
Fluorescence spectra of the DHT treated samples indicated 
that, in comparison to the control, the 535 nm peak was 
reduced, either due to quenching or loss of PLP. In order 
to determine the magnitude of the latter, the samples were 
precipitated with perchlorate and the supernatant solution 
was examined at 290 nm to determine the concentration of free 
PLP. The results are shown in Table XVI. With an increasing 
loss in percent residual activity there was not a corresponding 
Toss) in’ PLP. 

These results suggest that the PLP environment or the cofac- 
tor itself may be modified by DHT, but the resulting loss 
in activity is not wholly due to the removal of PLP from the 
enzyme. 

2. DHT treatment of native, reduced and apophosphorylase b 

Native, reduced and apophosphorylase b with ‘controls an 
50 mM Pi, 1:55. iM VEDTR, SoH to-8 were "treated Wrth DHT fat ‘Yoon 
temperature for 30 minutes. Each sample was dialyzed into 
50 mM GP, 50 mM ME, 1.5 mM EDTA, pH 6.8. After dialysis 
samples were removed for ultracentrifugation and spectral 


studies. The activity and ultracentrifugation results are 
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13 
TABLE XVI 


Percentage PLP Removed from Phosphorylase b 
by Treatment with DHT 


% Residual $ Loss of 
mM DHT AGE Dey PLP deter- 
Sample cone. Before mined after 
No. Vinee RA Dialysis Dialysis 
1 . 0.05 aA) = 
2 One PAS = 
B Qf iho 0 
4 Oa 48.4 Me se) 
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6 O25 A2.2 210 
7 OFS 2 B36) ORG 
8 0.4 14256 16 
2) Ws S Great) 23m 
10 (Oe aye) 1.9 258 
Control 100 Bae 
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Conditions for titration of phosphorylase b were 
presented in Figure 4. After dialysis samples were pre- 
cipitated with 0.3 M perchlorate and the absorbance of 
the supernatant at 290 nm was determined. Using a molar 
absorptivity value of 6.5 x nie for free PLP, the percentage 


released from the enzyme was calculated. 
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shown in Table XVII. The sedimentation results show that 

the inactive DHT-treated native and reduced protein remains 
predominantly dimer. The spectral results for DHT-treated 
native phosphorylase b showed the characteristic peak at 

320 nm. The DHT-treated apoenzyme also showed a 320 nm peak 
while the control apophosphorylase b had no 320 nm peak. 
These spectra are shown in Figure 16. The appearance of 

a 320 nm peak after DHT treatment of phosphorylase b, whether 
or not PLP is present, indicates that DHT modifies an amino 
acid. residue. 

An attempt was made to reconstitute the DHT-treated 
apoenzyme, but this resulted only in a 7% return of activ Ly, 
(see Table XVII). 

3. Loss of isotope and PLP from DHT-treated phosphorylase b 

DHT-treated IAM phosphorylase b from the spectral exper- 
iment (Part IV, Section B) in 20 mM GP, 5 mM ME, 1.5 mM EDTA, 
pH 6.8, was stored at 5°C for one month. After this storage 
period the protein was dialyzed against 20 mM GP, 5 mM ME, 
1.5 MM EDTA, pH 6.8. Absorption spectra of the dialyzed 
protein revealed that it retained its 321 nm peak. However, 
emission spectra showed that this protein contained no PLP 
and radioactive counting indicated that 52% of the isotope 
was lost. The protein retained 0.48 moles of DHT per mole 
of enzyme monomer. Therefore, storage of DHT-treated IAM 
phosphorylase b results in lability of the cofactor. Removal 
of the PLP is accompanied by loss of the isotope, thus 


suggesting that some of the DHT directly modifies the cofactor. 
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TABLE XVII 


Sedimentation Velocity and % Residual Activity 
of DHT Treated Native, Apo and Reduced Phosphorylase b 





2 








} Sedimentation 
Enzyme Time Residual Velocity Results 
Form Minutes Activity S20 ,w % Area 
Native 0 100 
COnUurol 
ene 100 nnn 100 
Native 0 4 
Dele 
30 5 B45) 24.8 
IER Lome 
Reduced 0 64 
Control 
30 53 Ge 100 
ee ee ee ee eee ee 
Reduced 0 5 
DHT 
30 7 6.5 PRN) 
9.0 76.4 
ee rte ith nN aa ae act ee Se 
Apo 0 2 6.9 39.9 
control Abie) 6 (6) 60.4 
ee cee ee ae ee ee ee 
Apo DHT 0 0 Swi! 23/726 
1 6n5 76.4 
eg Oe ce cnn I a ae eo SN if en a 
Apo Lrecon= 
stituted - 60 ~ - 
I a le to Pe A Nor A a Se a re es 
ADO.DH ia Le = 
constituted - 7 - - 


a —————— 


Native, apo- and reduced phosphorylase b in 50 mM P., 
1.5 mM EDTA, pH 6.8, at a concentration of 5.7, 6.5 and Ga.6 
mg/ml respectively were treated with 0.42 mM DHT at room 


temperature. Samples were removed from the reaction mixture 
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at 0 and 30 minutes to determine enzymatic activity. The 
remaining reaction mixture was dialyzed into 50 mM GP, 

50 mM ME, 1.5 mM EDTA, pH 6.8. From the dialyzed proteins, 
samples were taken for sedimentation velocity studies. The 
dialyzed apo control and DHT-treated apo protein were used 
for reconstitution experiments. All % residual activity 
values were calculated based upon the native control phos- 


phony lease sb. 
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Figure 16 
Absorption spectra of apophosphorylase byand DHT-tCreaced 


apophosphorylase b. Samples were prepared as described in Table 


ONAL AL 


A: DHT apophosphorylase b, 0.65 mg/ml. 
Be Apophosphorylase b, 0.57 mg/ml. 
Both samples in 50 mM GP, 50 mM ME, 1.5 mM EDTA, pH 6.8. 
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On the other hand, retention of the 321 nm peak and about 
half of the isotope suggests that at least part of the DHT 
modifies an amino acid residue. In order to examine the 
relationship of these possibilities an attempt was made to 
remove the isotope from a protein where the PLP was firmly 
bound. 

4. Removal of PLP from DHT-treated Phosphorylase b 

IAM phosphorylase b was prepared. A portion of this 
protein was reduced. Both the IAM phosphorylase b and re- 
duced IAM phosphorylase b were passed through a G-25 Sephadex 
column into 50 mM Pay 1.5 mM EDTA, pH 6.1. Both protein 
samples, at a concentration of 8.3 mg/ml, were treated with 
0.336 mM DHT at 0°C. A sample at one minute was taken for 
an activity assay, and then the reaction was terminated. 
DHT-treated IAM phosphorylase b had a 20% residual activity, 
while DHT-treated reduced IAM phosphorylase b had a ee Sess 
idual activity. 

The DHT-treated proteins and controls were passed through 
a G-25 Sephadex column into 20 mM GP, 5 mM ME, 1.5 mM EDTA, 
pH 6.8. Appropriate studies on these samples indicated that 
IAM phosphorylase b incorporated 0.855 DHT per enzyme monomer 
while remaining 93% dimer,S = 8.6 and 7% monomer,S = 6.1. 
However, reduced IAM phosphorylase b incorporated 2.05 DHT per 
enzyme monomer, with 48% dimer, S = 8.6, 31% monomer, S =. 60, 
and a fast-sedimenting peak, S = 15.9 with an area of 21%. 

Absorption spectra were obtained of the DHT-treated 


samples. Both samples gave a peak at 320 nm with a shoulder 
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at 375 to 400 nm. Excitation at 320 nm of DHT IAM phos- 
phorylase b resulted in a 535 nm fluorescence peak, while 
the same excitation of the DHT-treated reduced protein 
resulted in a 400 nm fluorescence peak indicative of PMP. 
Therefore, two types of DHT treated proteins had been pre- 
pared. In one case (reduced enzyme) the cofactor was firmly 
bound to the enzyme, in the other (native enzyme) the co- 
factor was more labile. This presented an Opporeunity |to 
remove the cofactor from one protein and not the other. 

If the loss of the isotope was dependent upon cofactor 
removal, then SDS treatment of the reduced enzyme, where the 
PMP was firmly bound, should not result in loss of the iso- 
tope; however, SDS treatment Of Native protein, where the 
PLP is labile, should result in loss of the isotope concom— 
itant with the removal of the cofactor. 

Both DHT-treated IAM phosphorylase b and its control 
were treated with 2% SDS. Absorption spectra of the samples 
showed the release of unmodified PLP. These results are 
shown in Figure 17. Emission spectra of these same proteins 
also indicated that SDS treatment had released an unmodified 
PLP. These samples were dialyzed for 12 hours against small 
volumes of 20 mM GP, 5 mM ME, 1.5 mM EDTA, pH 6.8. Emission 
and absorption spectra revealed that the control and DHT 
treated protein both lost the cofactor. However, the DHT- 
treated protein retained its 320 nm peak and 0.66 moles of 
DHT per enzyme monomer. Spectral examination of the dialysate 


revealed that both proteins had released unmodified cofactors. 
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After these studies, the SDS treated DHT IAM phosphorylase 
b was exhaustively dialyzed (3 buffer changes over 59 hours, 
witheaeburfer:protein ratio of 50:1). “This dialysis re- 
Ssuilted)in the protein losing 41% of its isotope. 

Both DHT-treated reduced IAM phosphorylase b and its 
control were treated in the same manner as the native 
enzymes. SDS treatment produces an increase in absorbance 
at about 325 nm as shown in Figure 18. This results from 
the shifting of the PMP from its hydrophobic pocket upon 
denaturation (37). Exhaustive dialysis (two buffer changes 
Over A2 hours witha buUEfer:protein ratio of 50:1) did not 
remove any PMP from the enzyme, although it did remove 42% 
of the isotope. 

Molar absorption values for DHT-treated proteins before 
and after treatment with SDS and dialysis were calculated. 
These results, shown in Table XVIII, indicate that similar 
residues are modified in both enzyme forms. 

These results may be summarized in the following manner. 
First, SDS treatment of the DHT IAM phosphorylase b followed 
by dialysis results in the protein losing all of Lts PLP, 
but only part of its Lsotope. | Second; se thes PLE removed by 
SDS treatment and dialysis was not modified. Therefore, DHT 
does not react with PLP, but instead must modify an amino 
acid residue. Also the isotope which was removed at the 
same time as the PLP must be due to the breakage of a labile 
bond of the DHT modified amino acid. Third, similar treatment 


of the DHT reduced IAM phosphorylase b does not cause any loss 
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Figure 18 

Absorption spectra of reduced IAM phosphorylase b, 
and DHT reduced IAM phosphorylase b, before and after 
treatment with 2% SDS. All samples were in 20 mM GP, 
5 mM ME, 1.5 mM EDTA. Blanks for samples B and D contained 
only this buffer, while blanks for samples A and C con- 


tained buffer plus 2% SDS. 


A: DHT reduced IAM phosphorylase b plus 2% SDS, 


AEST sits Ah elst 7/10) 


Be DHT reduced IAM phosphorylase by, 429 mg/mijepH 16.38. 
(Ge Reduced IAM phosphorylase Deplusite? SDS," 2evemeay ind, 
DHE-7/.. 0: 


D: Reduced IAM phosphorylase b7) 22 35mG/lee phmor oe 
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Molar Absorptivity Values for DHT IAM Phosphorylase b 


TABLE XVIII 


Before and After Treatment with 2% SDS 





Enzyme Form 


DHT IAM 
phosphorylase b 


DHT reduced IAM 
phosphorylase b 


DHT IAM phos- 
phory Vase *bySDs 
treated and 
dialyzed 


DHT reduced IAM 
phosphorylase b 


a 


€ at 
320 nm 


TO Se Oe 


—€ at 
387 nm 


e153 107 


en) come 10° 


‘bok eae 


The absorption values at the indicated wavelength 


were measured for each of the DHT-treated proteins. 


contribution from the corresponding control was sub- 


The 
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tracted and the resulting value was corrected to represent 


1 mole of DHT per mole of monomer of the enzyme. This 


absorption value was used to calculate the molar absorp- 


tivity value. 
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84 
of PMP, but does release some of the isotope. Therefore, 
removal of the isotope is independent of the loss of the 
cofactor. Fourth, both DHT-treated native and reduced 
enzyme show similar molar absorptivity values and a similar 
percentage of labile isotope. Therefore, it appears that 
the same residues are modified in both proteins. 

Ore ee cnee ication of DHT IAM phosphorylase b 

Samples of DHT IAM phosphorylase b and IAM phosphorylase 
b were resolved as described in Materials and Methods. The 
resulting precipitated apoproteins were redissolved in 50 mM 
GP, 50 mM ME, pH 7.0, then passed through a G-25 Sephadex 
column into the same buffer. An absorption spectrum of apo 
DHT IAM phosphorylase b, shown in Figure 19, revealed a 
320 nm peak and 387 nm shoulder, with molar absorptivity 
WalLues, Off 1.43 =x 104 and 2.69 x Tos respectively. Excitation 
of both apoprotein samples at 320 nm resulted in small 535 nm 
peaks. While the apo DHT protein had no enzymic activity, 
the apo control sample had 13% residual activity, thus indi- 
cating that 87% of the enzyme was resolved. 

Both apo DHT IAM phosphorylase b and apo IAM phosphorylase 
b were reconstituted with PLP and the enzymic activities 
examined. While the reconstituted control regained 92% of 
its former activity, the apo DHT IAM protein only regained 
25%. Radioactive counting of the reconstituted DHT-treated 
protein revealed that it lost 53% of its isotope, retaining 
0.40 moles of DHT per mole of enzyme monomer. 


Since reconstitution of the protein does not return 
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Figure 19 
Absorbance spectra of apo IAM phosphorylase b and apo 
DHT IAM phosphorylase b. Both samples were in 50 mM GP, 50 mM 


MET PHe 0. ee Blanks containedvonl yarns moudemer. 


A: Apo DHT IAM phosphorylase b, 2.7 mg/ml. 
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86 
enzymic activity, a modified PLP in the DHT IAM phosphorylase 
b is not responsible for the activity loss. Retention of 
the 320 nm peak after removal of all the PLP indicates that 


amino acid residues are modified. 
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D. Peptide Analysis 

Pepsin and trypsin digests were carried out on DHT 
treated phosphorylse b samples. The first samples examined 
were from the radioactive DHT inactivation experiment 
reported in Part III, Section B (see Table XL). A DHT TAM 
phosphorylase b sample was selected which showed 7% residual 
activity with 2.58 moles of DHT incorporated per mole of 
monomer of the enzyme. This protein was lyophilized and 
stored below 0°C for two months. Then it was prepared for 
both a trypsin and pepsin digest. Treatment of the protein with 
5% formic acid with subsequent dialysis against 5% formic acid 
resulted in 60-70% of the radioactive counts being removed 
from the enzyme. Treatment of the DHT protein with trypsin 
and removal of the precipitate also resulted in a 60-70% 
loss of the isotope. The peptide mixtures were separated 
on paper by high voltage electrophoresis at pH 6.5. The 
positions of the radioactive peptides were determined by 
scanning the electropherogram. The trypsin digest results 
gave at least two peptides in the neutral region. The 
electropherogram of the pepsin digest indicated one neutral 
and one acidic peptide. 

A pepsin digest was carried out on the DHT-treated IAM 
phosphorylase b (0.92 moles DHT per monomer OL, protein)  pre— 
pared for the spectral experiment (see Part IV, Section ev) 
Treatment of this protein with 5% formate and dialysis 
against the same resulted in 49% of the radioactive counts 


being removed from the enzyme. After separation on paper by 
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high voltage electrophoresis at pH 6.5, the electrophero- 
gram was scanned to determine the positions of the radioactive 
peptides. The resolution of these results was better than 

in the previous example, indicating at least three different 
peptides. 

A pepsin digest was done on both DHT-treated IAM phos- 
phorylase b and DHT treated reduced IAM phosphorylase b from 
the PLP experiment (see Part IV, Section C). Treatment with 
5% formate followed by dialysis against the same resulted 
in the former sample losing 53% and the latter sample losing 
51% of its radioactive isotope. Hence a pepsin digest 
was carried out on DHT IAM phosphorylase b containing 0.40 
moles of DHT per mole of enzyme monomer, and on a DHT reduced 
IAM phosphorylase b containing 1.00 moles of DHT per mole on 
enzyme monomer. The resulting peptides were separated by 
high voltage electrophoresis at pH 6.5. The electropherograms 
were scanned to determine the number and position of the 
radioactive peptides. The DHT IAM phosphorylase b samples 
showed the characteristic three peptides. The results are 
shown in Figure 20. The DHT reduced IAM phosphorylase b 
sample showed six radioactive peptides in the neutral and acidic 
regions. 

These results indicate the difficulty of identifying 
the reactive residue in the protein by peptide isolation, 
Since identification of only 0.5 modified residues per enzyme 


monomer would require isolation of three peptides. 
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DISCUSSION 

DHT has been used to examine tyrosine, histidine and 
lysine residues in numerous proteins. These proteins were 
treated, normally at room temperature, with a large excess 
of the reagent at alkaline pH in order to achieve the desired 
inactivation. Alkaline pH values were employed for two 
reasons. Prreten e was assumed that the reactivity of the 
residues under investigation would be larger at higher pH 
values. Second, the molar absorptivity values of DHT deriva- 
tives of tyrosine and histidine were obtained at pH 8.8 (6, 7). 
The reasons for using room temperature as opposed to 0°C 
were never stated. Why large excesses of DHT were necessary to 
inactivate these proteins was also never explained. However, 
it may be inferred from the results presented in Figures l 
and 3 that the rapid hydrolysis of DHT was part of the reason. 
Another reason may have been the lack of specificity of DHT. 

As demonstrated in Table II, DHT may react with eight amino 
acids. Therefore, those studies which identify modified 
histidine, tyrosine and lysine residues by spectra and amino 
acid analysis, but fail to determine the total number of 
modified residues through the use of radioactive DHT, are of 
dubious value. 

The conditions employed for DHT treatment of phosphorylase 
were found important for determining the per cent inactivation 
and specificity of the reaction. Table III suggests that 
jnactivation of phosphorylase b at room temperature is 


independent of pH. However, when the temperature is lowered 
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to 0°C, the pH at which the reaction is carried out definitely 
is important, as indicated by the titration experiments. A 
higher concentration of DHT must be used at pH 8.8 to obtain 
the same inactivation observed at pH 6.1 with a lower concen- 
tration. The reason for this is that the specificity of the 
DHT reaction with phosphorylase is controlled by the pH at 
which the reaction is conducted. Figure 6 demonstrates 
that DHT treatment of phosphorylase a and b at 0°C and pH 
6.1 modifies either the same residues or residues with similar 
spectral properties. Radioactive DHT treatment of phosphory- 
lase b shows that, when the time of reaction is limited, only 
residues essential for catalytic activity are modified. How- 
ever, DHT treatment of phosphorylase a or b at 0°C, pH 8.8, and 
high concentration of reactants, results in modification of 
both essential and non-essential residues. Molar absorptivity 
values presented in Table XII show that the essential residues 
of phosphorylase b modified at pH 8.8 are different from those 
modified at pH 6.1 in both native and reduced phosphorylase b. 
Therefore, at least with phosphorylase b, at 0°C, the pH at 
which the reaction is conducted does determine its specificity. 

The effect that temperature has on the reaction between 
DHT and phosphorylase was not fully examined. With phosphory- 
lase b, treatment at both room temperature and 0°C produced 
Similar results, although the former required more DHT for the 
same per cent inactivation observed with the latter. This was 
due to the rapid hydrolysis of DHT at room temperature. Under 


both conditions a DHT-treated protein may be produced which 
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is totally inactive, remains predominantly dimer, and has 

a 320 nm peak with a 375 - 400 nm shoulder. These results 
suggest that at pH 6.1 the specificity of the reagent is the 
same at both temperatures. Whether or not the specificity 
of the reagent is the same at pH 8.8 at both temperatures 
was not examined. 

Conditions were sought whereby the per cent inactivation 
could be maximized at the same time that the number of modified 
residues were minimized. Comparison of the titration exper- 
iments and the spectral results summarized in Table XII 
indicate that DHT treatment of phosphorylase a or b at pH 
6.1, 0°C, would produce.the, desired results....Figure,.6 
indicates that phosphorylase b was inactivated with fewer 
modified residues. 

Therefore, radioactive DHT was used to treat phosphorylase 
beat ie fle an ey kat Chas labor ne) determine the number of residues 
modified and their relation to catalytic activity. Examination 
of the results presented in Table XI and Figure 12 revealed 
that (1) modifying one residue within the first minute would 
result-in antotal.loss,in,activity.and, (2), DUT ,incorporated 
after the first minute did not result in a corresponding loss 
in activity. This latter result explains why the activity, Of 
the protein drops during the first minute, but then remains 
essentially constant during the remaining 30 minutes (see 
Figure 7), even though it is known that sufficient.DHT is 
present to continue, the inactivation. When the concentration 


of the reactants is lowered sufficiently a small reduction 
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in the rate of inactivation is observed, as indicated in 
Figure 9. The radioactive titration shown in Figure 13 
reveals that under these conditions an increase in incor- 
poration after the first minute does produce a decrease in 
the per cent residual activity. 

It appears that residues not essential to catalytic 
activity react with DHT after the residue related to catalytic 
activity is modified. In other words, upon AGL e2on=ot DHT 
to the protein a residue X is modified within the first minute. 
Complete modification of this residue (one per monomer) would 
result in total inactivation. However, modwviication of *X 
produces a conformational change in the enzyme resulting 
in a new state, where residues not related to catalytic 
activity are more reactive with DHT in comparison to the 
remaining unreacted X residues. Therefore, before the 
complete population of X residues may be titrated, a number 
of new residues not related to catalytic activity are modi- 
fied by DHT. Hence, DHT incorporation after 
the first minute does not result in a corresponding loss in 
activity. However, when the concentration of the reactants 
is lowered, then the reaction rate of X is slowed sufficiently 
so that these residues continue to be modified after one 
Te ber 

Therefore, in order to ensure that only residues essen- 
tial to catalytic activity are modified, phosphorylase b must 
be treated while controlling the concentration of reagents, 


pH, temperature and the length of time that the reaction 
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proceeds. When this protein at 5 - 10 mg/ml was treated 
with 0.3 to 0.5 mM DHT, at pH 6.1, O0°C, for one minute, 
between 0.8 to 1.2 residues per enzyme monomer were modified, 
resulting in 70 - 100% loss in activity. 

It appears that this modified residue represents only 
one amino acid, and not portions of two or more. Tisuas 
supported by the results shown in Table XVIII. Removal of 
the labile isotope from the DHT-treated phosphorylase b 
does not change the molar absorptivity values. This shows 
that only one amino acid is modified. 

Since only one amino acid residue is modified, it is 
surprising that three peptides are found containing the 
modified residue. It would appear possible that all three 
of these are variations of the same peptide, produced by 
the lack of specificity of pepsin. It is also surprising 
that only 50% of the isotope is removed after treatment with 
SDS or strong acid. However, possibly all of the isotope 
is labile. It was shown in Part IV, Sectione€;vthat SDS 
treatment of DHT phosphorylase b followed by dialysis for 
a specified length of time resulted in about a 50% loss of 
the isotope. However, continued dialysis led to removal of 
more isotope, but the amount could not be determined since 
the protein precipitated. Therefore, exhaustive dialysis 
of either SDS or strong acid treated DHT protein may remove 
all the isotope. 

The quenching experiments in Part III, Section A, also 


suggest that under harsh conditions all the isotope may be 
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released from the protein. The evidence presented establishes 
tHatetiere 1s no quenching in spite of the fact that a 
precipitate 1s formed upon addition of the protein to ‘the 
scintillation fluor. If the isotope remains in the precipi- 
tated protein then some quenching would have to be observed. 
The lack of any quenching suggests that the strong organic 
solvents denature and precipitate the protein, releasing 
the isotope into the supernatant. 

Therefore, it appears that DHT modifies one residue 
per phosphorylase b monomer resulting in total inactivation. 
An attempt was made to elucidate the nature of this residue. 

Comparison of the model compound studies presented in 
Part I, Section C, and the spectral experiment shown in 
Part IV, Section B, demonstrated that the modified residue 
is not a tyrosine, histidine, lysine or tryptophan. 

The DHT modified residue in phosphorylase b produced 
a 320 nm peak and 387 nm shoulder, with molar absorptivity 
Values Of about 1.0"x 104 cite 25 10° respectively. These 
molar absorptivity values agree with that of monoazotetrazole- 
N-acetylcysteine. However, DHT-treated phosphorylase b remains 
predominantly a dimer and contains reactive By Bo, N and A 
sulfhydryl residues. Therefore, these residues are not 
modified by DHT. The remaining sulfhydryl residues are buried 
in the protein and are not reactive with normal sulfhydryl 
reagents (38). 

Absorption and emission spectra, along with the simul- 


taneous loss of isotope and PLP, suggested that DHT directly 
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modified the cofactor. However, a number of experiments 
demonstrated that PLP was not the titrated residue. Incor- 
poration values for DHT-treated phosphorylase b were the same 
as for DHT-treated apophosphorylase b. Reconstituted DHT- 
treated apophosphorylase b only regained 25% of the control 
activity. Finally in Part IV, Section C, it was shown that 
the PLP removed from the DHT-treated enzyme was not modified, 
and that the 50% loss of isotope concomitant with total loss 
of cofactor was due to a labile bond in the monoazotetrazole 
amino acid. 

Therefore, it appears that DHT may react with one of the 
three remaining residues--arginine, serine or threonine. 
Since their N-acetyl derivatives react slowly WLeh DHiy, “no 
molar absorptivity values could be obtained. Thus one can 
only speculate as to which may be the reactive residue. 
Arginine would seem less likely than the other since Fukui 
et al. have shown that phosphorylase b does not contain any 
highly reactive arginines which are important for catalytic 
activity (19). Positive identification of the residue must 
await isolation of the modified peptide. 

Whether or not the modified residue is at the active site 
cannot be determined from the data presented. As shown in 
Table XI the substrates afford little or no protection. How- 
ever, in view of the large Km for the substrates and high 
reactivity of the residue, little can be inferred from such 
protection studies. 


In summary, this reagent will inactivate phosphorylases. 
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Under specific conditions, DHT treatment of phosphorylase b 
modifies one unidentified amino acid residue, producing 100% 


loss #ncactivity. 
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